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ABSTRACT

This paper is-intended to provide computer routines to solve various Astrodynamic problems. The
specific content is sevetal PASCAY, and FORTRAN source code routines. Version 1.0 evolved from the
USAFA Department of Astronautics class libraries. This collection of routines has evolved over the years.
As such, many prior instructors deserve a great deal of qrednt for most of the original translations and
formulations,

My involvement began several ycars ago with a request from AF SPACECOM/XPSY and XPDY to
provide a detailed, documented hstmg of various Astrodynamlc routines, I have included both PASCAL and

'FORTRAN source code listings since although FORTRAN ie still the industry "standard” for technice!

programming, the Defense Departments desire to use ADA will surely be implemented on a wide scale basis
in the near future, and PASCAL is very similar to ADA. In addition, PASCAL allows very easy
incorporation of graphics.

Perhaps the most difficult part of this process was the development of test cases sufficient to adequately
test all the parameters of each procedure. A variety of sources for problems and answers were assembled.
Where answers were given, the check was relatively easy: With no answers, other checks between the
routines had to be made. The answers given appear reasonable from all indications but should not be
considered an absolute guarantee of the correctness of the algorithm,

The paper is8 divided into several sections. The main section contains diagrams and an explanation of
each procedure. (Note I refer to Procedures, Subroutines and Functions as one item in the narrative) The
Appendices contain the PASCAL and FORTRAN source code. Care was taken to provide very similar
PASCAL and FORTRAN listings, and identical arguments. The source code also contains extensive
information for each procedure defining Input / Output variables, local variables, constants, coupling, and
references. Finally, the test cases and answers are presented for each procedure.

The user should be aware I have developed these routines for Acedemic use and as such, they may not
match operational data exactly, 1 have endevered to make each routine completly independent, and
identified all other necessary procedures,
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GENERAL INFORMATION

?Methods of Astrodynamics” is designed to provide PASCAL and FORTRAN source code for various
Astrodynamic routines. The paper does NOT derive any of the formulas as the referenced texts do this in
great detail. The reader should be aware that the variety of sources is necessary to obtain a "complete”
understanding of each algorithm. I have used three main texts in the development of these routines. The
references are lisied in order of their relative completeness in describing each problem.

Bate, Roger R., Mueller, Donald D., and White, Jerry E., Fundamentals of Astrodynamics, New York, Dover
Publications, 1970.

Escobal, Pedro R., Methods of Orbit Determination, John Wiley & Sons, New York 1965, Reprint Edition Kreiger
Publishing Co, Malabar FL , 1979

Kaplan, Marshall H., Modera Spacecrat Dynamics and Coutrol, New York, John Wiley & Sons, 1976,

Unit systems present a problem in almost every application of these procedures since each problem has
different units, For this reason, I have programmed the routines to use canonical units, and radians
exclusively, Every calculation uses these units, and any conversions are performed before the procedure is
called. An added benefit of canonical units is their relative magnitudes. By acting almost like a scaling
factor, the magnitudes of the numbers are reduced to much smaller scalar-like values, In addition, the
Gravitational Parameter of the Earth appears in many places in the equations, The use of the canonical
system defines the Gravitational Parameter of the Earth as 1.0, which eliminates a great deal of code. Care
should be exercised if the procedures are converted to work in a different unit system. Table 1 lists the
constants used in these programs. All these variables have been derived from the World Geodetic Survey
1984. This was accomplished using the three "base” values: equatorial radius (ft), rotational velocity of the
Earth, and the Gravitational Parameter of the Earth. If it is desired to change these conversions and
constants, be sure to update all of the parameters,

Rotational Velocity of the Earth 7.292115 x 103 rad/s
Gravitational Parameter of the Earth 3.986005 x 10° ltm:;/-2

Several "standard coordinate systems are used throughout this paper. The Geocentric Equatorial (IJK)
system refers to the Earth centered system with the I axis pointing to the Vernal Equinox and the J axis
perpendicular in the orbital plane. The K axis is normal to both I and J and points through the North Pole.
Next, the Topocentric Horizon (SEZ) system is used for routines simulating radar sites. In this system, the
S axis points due South from the site, and the E axis points due East. The Z axis points straight up from
the site and is parallel to the position vector. Escobal presents an excellent discussion of the various
coordinate system in Chapter 4 of his book.

The computer code was designed to be a8 compatible as possible between different computers. To this
end, I have adopted several features in my code to facilitate any conversion. The code presented will run
under TURBO PASCAL Ver5.5, MICROSOFT FORTRAN Ver 5.0 and VAX FORTRAN Ver 4.6.

In PASCAL, I have tried to avoid many of the powerful features of the language such as pointers,
records, and variable type structures, I have used pointers to implement all my matrix operations since this
allows the user to use almost any size matrix, within memory constraints. The matrix operations are set up
to closely resemble "normal” coding. The user is cautioned to DISPOSE (delete) all matricies when no
longer used as iterations can caues lots of memory to be uesd. The PASCAL source code was developed on
the Zenith 248, DOS 3.xx, using Turbo Pascal Ver5.5. The code uses the EXTENDED type for all REAL
variables. This feature of Turbo Pascal Ver5.0 and later, lets the computer emulate a math co-processor,
and have 19-20 significant digits without a co-processor.

In FORTRAN, I have included an IMPLICIT NONE declaration in every SUBROUTINE and
FUNCTION. This forces you to declare all variables, and should reduce many errors during program
writing. The code was first developed in LAHEY FORTRAN Ver 3.0 and uses several of the extensions to
be compatible with FORTRAN 90 when it's released. The FORTRAN code contains no EQUIVALENCES,
VERY LIMITED GOTOs and no COMMON blocks in the subroutines library, This is designed so each
SUBROQUTINE could be passed all of the arguments necessary for its operation.
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The user is cautioned when trying to compare EXACT numerical results with the answers in this listing.
Numerical accuracies of each machine are different. The use of floating point math, double precision
variables, different languages, etc., all make minor differences in the answers. If strict numerical accuracy is
‘needed, new answers may vary from the listing, usually in the 5th or 6th decimal place.

Technically, I have designed these routines to be compatible with a variety of orbit types. To this end,
the RandV procedure uses "p” (semi-parameter or semi-latus rectum) as it’s input. This even allows
calculations for parabolic orbits. 1 have also used Julian Date as the standard time variable between all
routines. This simplifies many operations, and allows procedures like Herrick-Gibbs procedures to function
across two days if the sightings occur near local midnight.

I have not included any driver programs since these routines are designed to be a library which one may
attach to the main program. In pascal, each file contains similar routines, time, orbit determination, etc.,
and each is set up as a .TPU file ( TURBO PASCALs Unit structure ) so the code does not have to be
compiled each time, Likewise, the FORTRAN routines are organized the same way, and may be included at
the linking step in program developement.

Finally, although I have tried to anticipate any singularities and problem areas in the procedures, an
exhaustive search is virtually impossible. For this reason, the Department of Astronautics at the USAFA,
and I, cannot take responsibility for maintenance and upkeep of these procedures, If problems do occur,
please notify *

HQ USAFA / DFAS Com'l  (719) 472-4109

Attn: Capt Dave Vallado Autovon 259-4109
US Air Force Academy, CO. 80840-5701

for possible assistance and documentation/code changes. Finally, I would appreciate notification of
enhancements designed around these routines for possible inclusion into future versions of this software,
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JULIANDAY ( Yr,Mon,D,H,M,Sec, D)

This procedure finds the Julian date given the Year, Month, Day, and Time. The Julian date is defined by each clapsed day
since noon, 1 Jan 4713 BC. Julian dates are measured from this 2poch at noon so astronomers observations may be performed
on a single "day”. The year range is limited since machine routines for 365 days a year and leap ycars are valid in this range
only. This is due to the fact that leap years occur only in years divisible by 4 and centuries whose number is evenly divisible by
400, ( 1900 no, 2000 yes ... }

NOTE: This Algorithm is taken from the 1988 Almanac for Computers, Published by the U.S. Naval Observatory. The
algorithm is good for dates between 1 Mar 1900 to 28 Feb 2100 since the last two terms (from the Almanac) are commented out.

Variable Range

Inputs : Yr - Year 1900 .. 2100

Mon - Month 1..12

D - Day 1..28,29,30,31

H - Universal Time Hour 0.123

M - Universal Time Min 0.59

Sec - Universal Time Sec 0.0 .. 59.999
Outputs : JD - Julian Date days from 4713 B.C.

References :
1988 Almanac for Computers pg. B2
Escobal pg. 17-19
Kaplan Pg. 328-330

JDate = 367 (Yr)

) IN1(7(Yr+IN’I‘;(-M°1"T'w)))

+ INT{ 28 Mon ) | pyy

Sec :
+M
@_W_) 4

+ 1721013.5 +( 57
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GSTIME (/D )

This function finds the Greenwich Sidereal time. Notice just the integer part of the Julian Date is used for the Julian centuries
calculation.

Variable Range
Inputs :JD - Julian Date days from 4713 B.C.
OutPuts : GSTime - GST Greenwich Sidereal Time 0.0 to 27 rad
Locals : Tu - Julian Centuries from 1 Jan 2000
Constants :
RadPerDay Radians the earth rotates in 1 sidereal day 6.30038800860574
References :

1988 Almanac for Computers pg. B2
1989 Nautical Almanac pg. B8

Escobal pg-18-121
Kaplan pg. 330-332
BMW pg. 103-104

Two Primary methods,

1. Usz Julian Date, - Preferred since one value may be used throughout many years.

Tu = —J—DW (Note use of Epoch : 1 Jan 2000)
GST, = 1.753368559 -+ 628.3319705Tu + 6.770708127 %Tu? radians
GST, = 100.4606184 + 36000.77004Tu -+ 0.00038793Tu? degrecs

GST = GST, + RadPerDay( Fraction( JDate ) )

2. Use tables for & particular year. Requires knowledge of GST at some Epoch.
Look up value for GST,, for 1 Jan, 0 Hr of the given year.
GST = GSTq -+ 1.0027379003 (2x) ( DayofYr + Jf 4 Min . Sec

Notice the day of year is really ( Day - 1) since the epoch is 1 Jan

Don't forget the result is MODed by 2x since the equations give the radians since the epoch.




LSTIME ( Lon,JD, Lst,Gst)

This procedure finds the Local Cidereal time at a given location.

' ’ Variable Range

Inputs : Lon - Site longitude (WEST -) -27 to 27 rad

JD - Julian Date ‘ . days from 4713 B.C.
OutPuts : LST - Local Sidereal Time 0.0 to 27 rad

GST - Greenwich Sidereal Time 0.0 to 2% rad
Coupling :

GSTime Finds the Greenwich Sidereal Timne

References :
" Escobal Pg. 18- 21
Kaplan pg. 330-332
BMW g, 99-100 Diagram pg. 100

Find GST using GSTime procedure ( Uses Julian Date )

LST = GST + Lon ( Note: East longitude is + and West lon is — )




SITE ( Lat,Alt,L

This procedure finds the position and velocity vectors for a site. { e answer is returned in the Geocentric Equatorial {(IJK)

coordinate system. ' .
Variable Range
Inputs :Lat - Geodetic Latitude -%/2 to /2 rad
Alt - Altitude DUs
LST - Local Sidereal Time 0.0 to 27 rad
OutPuts RS - is-ijk Site position vector DU
Vs - V§ﬁk Site velocity vector ’ DU /TU
N
Locals
x - x component of site vector DU
x - £ component of site vector DU

<

Constants

-2 Mean Equatorial Radius of the Earth 1.0 DU
EESqrd - e, Eccentricity of Earths shape squared 0.00669437999013
OmegaEarth - w g  Angluar Rotation of the Earth 0.058833590688786 rad/TU
References :
Escobal PE. 26 - 29 (includes Geocentric Lat formulation also)
Kaplan Ps. 334-338
BMW pg. 94-98 Diagram pg. 99
x = :f - + alt | Cos(lat)
\jl— e.“Sin°( lat )
2
a.(1-e .
72 = °(2.2 ) + alt |Sin( lat)
\1- e¢?Sin*( lat )
xCos( Ist )
m‘m‘ = xSin( Ist )
(]
0
Yo




RVtoPOS { rho,az,el,drho,daz,del, RhoVec,DRhoVec )

This procedure finds range and velocity vectors for a satellite from a radar site in the Topocentric Horizon (SEZ) system.

‘ ' Variable Range

Inputs :Rho -p Satellite range from site DUs
Az - Azimuth 0.0 to 27 rad
El - Elevation -7{2 to W/2 rad
DRho -p  Range Rate DU/ TU
DAz - Az  Azimuth Rate rad / TU
DEL -El  Elevation rate rad / TU
) Outputs :RhoVec = Pypey Satellite range vector DU
DRhoVee - ';")"“ Satellite velocity vector DU /TU
. References :
BMW ps. 84 -85  Diagram pg. 84
—pCos( el ) Cos( az )
Poez = p Cos( el ) Sin( az )
p Sin(el)
B . 7
~pCos( el )Cos( az ) + pSin( el )Cos( az )el + pCos( el )Sin( az )az
' beeg = p Cos( el )Sin( az ) - pSin( el )Sin( az )el + pCos( ¢l )Cos( az )as
p Sin( el ) + pCos( ci el

Z;, (Up)

; satellite

Zp

- Xh.'-\:’

g

(South) By’

E// w\(North)
P

Yh ( EOSt)




TRACK ( tho,azel,drho,daz,del,Lat,LST,RS, R,\V)

This procedure finds range and velocity vectors in the Geocentric Equatorial (1JK) system given input from a radar site.

Variable Range
Inputs :Rho -p Satellite range from site DUs
Az - Azimuth 0.0 to 27 rad
El - Elevation -7/2 to 7/2 rad
DRho -p  RangeRate DU/ TU
DAz - Az Azimuth Rate rad / TU
DEL -El  Elevation rate rad / TU
Lat - Geodetic Latitude -x/2 to ¥/2 rad
LST - Local Sidereal Time 0.0 to 27 rad
RS - RS;;, Site position vector DU
Outputs :R - Fiik Satellite position vector 31)
v - vﬁk Satellite velocity vector buU/TU
Locals
RhoVec = Ppey TANgE vector from site DU
DRhoVec -, velocity vector from site DU/ TU
RhoV - ﬁijk range vector from site DU
DRhoV - T’ijk velocity vector from site DU/ TU
Constants
OmegaEarthw, Angluar Rotation of the Earth 0.058833580688786 rad/TU
Coupling :
RVToPos Find R and V from site in Topocentric Horizon (SEZ) system
References :
BMW pg. 85-89, 100-101 Diagram pg. 88
Use procedure RVToPOS to Find 3,,, and ﬁm
Sin(lat)Cos(lst) -Sin(lst) Cos(lat)Cos(lst) T
-ﬁijk = Sin(lat)Sin(lst) Cos(lst) Cos(lat)Sin(lst) Piez
-Cos(lat) 0 Sin(lat)
Tk = Pyt RSy
3 7
Sin{lat)Cos(lst) -Sin(lst) Cos(lat)Cos(lst)
fo‘ijk = Sin(lat)Sin{lst) Cos(lst) Cos(lat)Sin({lst) Pres
-Cos(lat) 0 Sin(lat)
0
Yo




RAZEL ( R,V,Lat,LST,RS, rho,az,el,drho,daz,del )

This procedure calculates Range Azimuth and Elevation and their rates given the Geocentric Equatorial (IJK) Position and

Velocity vectors.

Variable
Inputs :R - ’x’ijk Position Vector
v - Vi Velocity Vector
Lat - Geodetic Latitude
LST - Local Sidereal Time
RS - ﬁijk Site Position Vector
Outputs :Rho -p satellite range from site
Az - Azimuth
El - Elevation
DRho <P  Range Rate
DAz - Az Azimuth Rate
DEI -El  Elevation rate
Locals  RhoV - .’?ijk Range Vector from site
DRhoV - -ﬁl,k Velocity Vector frora site
RhoVec - :sez Range vector from site
DRhoVec - p,,, Velocity vector from site

Constants
OmegaBarthw,

References :

Angluar Rotation of the Earth

BMW pg. 84-89, 100-101

Range
DU
DU / TU
~wf2to X[2rad -
0.0 to ¥ rad
DU

DUs
0.0 to 27 rad
-m/2 to /2 rad
DU/ TU
rad / TU
rad / TU

DU
DU/ TU
DU
DU/ TU

0.058833590688786 rad/TU




Sin(lat)Cos(lst) Sin(lat)Sin(lst) -Cos(lat)
Psez = -Sin(lst) Cos(lst) 0 Pijk
Cos(lat)Cos(lst)  Cos(lat)Sin(lst) Sin(lat)
L. -
[~ a
Sin(lat)Cos(lst) Sin(lat)Sin(lst) -Cos(lat)
Peez = -Sin(lst) Cos(lst) 0 ?ijk
Cos(lat)Cos(lst)  Cos(lat)Sin(lst) Sin(lat)
7, ¢
El = ATan2( %%, lﬂ';-;—ff—)

Az = A'ranz(\lp32 ie = \Jp:—:spg )

Rate terms are found by rearranging relations in procedure RVTOPOS

. _ Pser' P
p = sez se2
i).p. - ,’).p.
Az = 1) 3l
Pt A
. p, - p Sin ( El
B = py-P (El)

2 )
Vit a




ELORB ( R,V, p,ae,inc,0mega,Argp,Nuo,M,u,l,CapPi )

This procedure finds the classical orbital elements given the Geocentric Equatorial Position and Velocity vectors. Special cases
for equatorial and circular orbits are also handled.

Inputs :R
\4
Outputs :p
a
e
inc
Omega
Argp
Nuo
u
1
CapPi
M
Locals :
Hbar
Ebar
Nbar
SME
References :
BMW
Escobal
Kaplan

-1

-Q
-w
-V

o 3l o =

Variable
13K Position vector
1JK Velocity vector

Semi-latus rectum

semi-major axis

eccentricity

inclination

Longitude of Ascending Node
Argument of Perigee

True anomaly

Argument of Latitude (cn
True Longitude (CE)
Longitude of Periapsis (EE)
Mean Anomaly

Angular Momentum
Eccentricity

Line of Nodes

Specfic Mechanical Energy

pE.- 58- 71
pg. 104-107
pg. 29 - 37

Range
DU
DU/ TU

DU
DU

0.0 to ¥ rad

0.0 to 2% rad
0.0 to 2% rad
0.0 to 27 rad
0.0 to 2% rad
0.0 to 2% rad
0.0 to 27 rad
0.0 to 27 rad

pU?/ TU

pu? ) Tu?




i = Cos -1 [—FFK—']

Q = Cos-l [—r-——i B ]
in

w = Co-'l[ 5. Z]

v = Cos -1 [—n—-t ’ ?]

Evaluate Special cases

If Circular Inclined:

u =C°.-l[ﬁ'-i"]

If Circular Equatorial:

I = cm'l[—-.—i‘f]
it

IF Elliptical Equatorial:

I = Cos-! [-‘-J—]
1e

Find Mean Anomaly

IF Hyperbolic:
F = C“h-l( ¢+ Cos v )

1+e [

M = eSinh(F)- F

i is always between 0.0 and 7
Ifnfj) <0 Then Q=2x -0
ekl] <0 Thenw=2r-w

Kt -V <0 Then v= 2x—~v

Ifrfk] <0 Then u = 2x ~u

Ifr[j) <0 Then | = 2x —~ | and
If‘lnc>-§ Then | = 2x ~ 1

Ifefjj <0 Then = 2x -1
lfInc>-;-' Then I = 2x - I

IF Parabolic:
D = {pTan(v)
M = %(3;)1) + 03)
IF E""’““I‘E = ATaNz( J-'Sinv ¢+ Cosv
14eCosv " 14+ elosv
M = E-¢Sin(E)
IF Circular: '
M = L if Circular Equatozial

or

i

U if Circular Inclined

10
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Classical Orbit Elements

Ref BMW pg. 59

Vern.al equinox
direction

ey

(Always defined)

Periapsis
direction

i1




RANDV ( p,a,e,inc,0mega,Argp,Nuo,u,l,CapPi, R,V)

This procedure finds the position and velocity vectors in Geocentric Equatorial (1JK) system given the classical orbit elements.
NOTICE P is used for calculations and that A is not used at this time. This convention allows parabolic orbits to be treated as

well as the other conic sections.

Variable
Inputs :p - Semi-latus rectum
a - semi-major axis
- eccentricity
inc -1 inclination
Omega -} Longitude of Ascending Node
Argp - W Argument of Perigee
Nuo -V True anomaly
u - Argument of Latitude (c1)
1 - True Longitude (CE)
CapPi -1 Longitude of Periapsis (EE)
Outputs R - Fijk Position vector
\'4 - vijk Velocity vector
Locals Rpqw - ?pqw Position vector
Vpqw - qu' Velocity vector
References :
BMW pg. 71-73, 80-83
Escobal pg. 68-83

Range
DU
DU

0.0 to ® rad

0.0 to 2% rad
0.0 to 27 rad
0.0 to 27 rad
0.0 to 2% rad
0.0 to 27 rad
0.0 to 2% rad

DU
DU /TU

DU
DU/ TU




itk =

Determine transformation angles for special cases as:

If Circular Equatorial;

setw, Q= 00 and let v=1
If Circular Inclined:

set w= 0.0 and let v =u

If Elliptical Equatorial;
set @ = 0.0 and let

Coa §2Cos w—Sin §1Sin wCos i
Sin Q2Cos wW+Cos {1Sin wCos i

Sin wSin i

Cos §2Cos w=Sin Sin WCos i
Sin QCos w+Cos {Sin wCos i

Sin wSin i

~—Cos §ISin w—Sin {Cos WCou i
~Sin §1Sin W+ Cos ACos WCos i

Cos WSin i

~Cos §1Sin w—8in QCos WCos i
—Sin QSin w+Cos QCos wCos i

Cos WSin i

13

+Sin QSin i
~Cos QSin i

Cos i

+8Sin QSin i
—Cos (Sin i

Cos i

pqw

paw




:ll - -

GIBBS( r1,r2,3, v2,Theta)

This procedure performs the Gibbs method of orbit determination. This method determines the velocity at the middle point of
the 3 given podition vectors. The Gibbs method is best suited for coplanar, sequential position vectors which are mare than 10
deg apart. Notice the angle between the vectors is passed back so the user may make a decision about the accuracy of the ‘
calculations as vectors which are 120 deg apart may be accurate, while vectors 8 deg apart may not. The method will calculate
the resulting velocity using the vectore IN THE ORDER GIVEN.

Variable Range
Inputs :R1 - i-'l 1JK Position vector #1 DU
R2 -F 1K Position vector #2 DU
R3 -3  1JK Position vector #3 DU
Outputs :V2 -¥, Velocity Vector for R2 pu/TuU
Theta - Angle between the vectors rad

Locals : pqiw,dmstMisc Vectors

References :
BMW pg- 109-116  Diagram pi. 109
Escobal PE. 306-307

P=f2x?3

Check that the vectors are Coplanar. P is L to ¥, and T, so P . T, must equal 0 for the vectors to be ‘
Coplanar.

D=P+Q+W

N = rl'p + rQ-Q- + r3W

Check that the orbit is possible. D and N must be non-zero, i.e. the vectors are not Colinear and they must be
in the same direction, D + N > 0.0,

§ = (rg-13) P+ (3-1y) Q+ (ry-1y) w
Dxr,

(ov]}
]

s
L= \pw

v,:-,‘;—ﬁ + LS

P

P e e
CE-N R R R X ]

14




HERRGIBBS( r1,r2,r3,JD1,JD2,JD3, v2,Theta )

This procedure implements the Herrick-Gibbs approximation for orbit determination, and finds the middle velocity vector for
the 3 given position vectors. The method is good for fast calculations and small angles, <= 10 deg. Notice the angle between
vectors is passed back to allow the user to make a decision about the accuracy of the results since vectors about 12 deg apart
may be accurate, while vectors 170 deg apart would not. The observations MUST be sequential and taken on one revolution.
The Use of Julian Dates for input makes it much casier to perform calculations where the sights occur around midnight.

Variable Range

Inputs :R1 -7 1JK Position vector #1 DU
R2 -T 1JK Position vector #2 buU
R3 -f3 DK Position vector #3 DU
JD1 - Julian Date of 1at sighting days from 4713 B.C.
JD2 - Julian Date of 2nd sighting days from 4713 B.C.
D3 « Julian Date of 3rd sighting days from 4713 B.C.

Outputs :V2 =¥ LK Velocity Vector for R2 DU /TU
Theta - Angle between the vectors rad

Locals angl - Angle between rl and r% rad
ang? - Angle between r2 and r3 rad
o8 - Vectors

References :

Escobal Pg. 254-256, 304-306
Q=7 xT

Check that the vectors are Coplanar. P is L to F, and T3, so P « F, must equal 0 for the vectors to be Co-
planar.

Angl = | Cos'l(-,-};—s-”

Ang2 =lcc>s'1(-,-2*-}5)'

Check for the amount of space between the vectors. If the distance is too great,
the accuracy could be a problem.

) = - (t3-12) ((t2—t1)(t3~tl)+ 12:13)rl

1 41 )
2-n)E3-2) 12,3/ 2

+ ( (3-42)-(12:41) )

1 L)t
+ 24 ((gmymmm + 12r33) ’

15




FINDCandS ( Znew, Cnew,Snew )

This procedure calculates the C and S functions for use in the Universal Variable calculations. NOTE equality is handled by
the series expansion terms to eliminate potential discontinuities. The seties ix only used for negative values of Z since the
truncation results in rather large errors as Z gets larger than about 10,0,

Variable
Inputs  :ZNew - Z variable
Outputs :CNew - C function value
SNew - S function value
References : ¢
BMW Pg. 207-210 Diagram pg, 209
Kaplan PE. 304-308
7, < 0.0
2 3 4 5
D W N WNE | W W ¢ NP
C=g-gwtw o+ Ww-T"
2 3 4 s
R T Zy 2y Zy Zy Zy
S=gq -3t T s U v
12, > 00
1- Cos( {7y ) ‘
C= ——— '
n |
;
s )
Zn3 . .

° @nt (4ot

16




Keplers Equation - NEV\!TONR (e,M, EONu)

This procedure performs the Newton Rhapson iteration to find the Eccentric Anomaly given the Mean anomaly, The Tru

: ' Anomaly is also calculated. .

. Variable Range

4 Inputs :e - Eccentricity 0.0-1.0

g M - Mean Anomaly ' 0.0 - 2Pi rad
o

H Outputs :EQ -E, Eccentric Anomaly 0.0 - 2Pi rad
g Nu -V True Anomaly 0.0 - 2Pi rad
A Locals £l -B;  Eccentric Anomaly, next value rad

g References

2N BMW pg. 184-187, 220-222 Diagram pg. 221

E, =M

i LOOP

; E, = E

' E, = E, - Eo—e¢Sin(E;) =M

1~¢eCos(E,)
1 UNTIL | E, - E, | < 0.0000001

LACAEEAN RER

‘ V=Atan2( 1 - ¢ sin (B,) Cos (E, ) —e )

l1-eCos(E) ' 1-eCos(E;)

2r T I T
H 0,‘\
; % )
{ - K -
: ,
] b3
§ I R T TR R A LR AR -
E 2
E
o
A <
b o
[
- Q
© = -
-3
| |
0
0 ‘ T vy g

HEE A D B

‘ Ecceniric anomaly , E

17




KEPLER (rovo.t, rv)

This procedure solves Keplers problem for orbit determination and returns a future Geocentric Equatorial (1JK) position and
velocity vector. The solution procedure uses Universal variables,

Variable Range

Inputs :Ro <%y 1K Position vector - initial DU

Vo -Vg LK Velocity vector - initial DU/TU

t -t Length of time to propagate TU
Outputs :R -7 IJK Position vector DU

v -v 1K Velocity vector DU /TU
Locals ¥,G - f and g expressions

FDot,GDot - F,G Derivatives of f and g expressions

X0 -Xg  Old Universal Variable X

XNew «x,  New Universal Variable X

ZNew -2, Newvalueofz

CNew -C  C(z) function

SNew -8 S(z) function

DeltaT «dt changeint TU

TimeNew -t New time TU .

A - Semi major axis DU

Alpha - Reciprocol 1/a

SME -8 Specific Mechanical Energy pu? / Tu?

S - Variable for parabolic case

w - Variable for parabolic case
Coupling :

FindCand$S Find C and S functions

References :
Kaplan pg. 304-308 ( Includes first guess for x if parabolic)
BMW pg- 191199, 203-212  Diagram pg. 195

Given: To Yo -t

Find: 1, v

18




TR T

- B =
a = —2-§ a= -§

3
Vo

8 =% - £
TTY T R

Set up first guess as follows : NOTE since t,, is 0.0, t-t, reduces to t
Circle or Ellipse :

Xo ™ B(tt)a
Check if a = 1.0 since this makes the first guess too close to converge.

arabola :

Cot(2) = 3\%040)

3w = Tans

Tan
Tan(-vf) = 2 Cot( 2w)

Xop & @[Tan(—%-)_ Tan(-.%‘l.)]

Hyperbola :
X, =~ sign( t-t, )\]TTI- In .2“0(‘.%_‘)‘
Fo+ Vo + sign( t-tg ) \ o (1- 100
LOOP
Z, = xoza
2, < 0.0
2 3 2 3
A L %y, B 2
C=q-g+gr -+ = S=g-grtoar -t
7, > 00
- 1- Cos( {Zy, ) S = g - Sin( {Z,)
Zn Zy

XS + igj‘,%g %o C + ro¥o( 1 = ZpS)
by = 7

T ¥
Xo7C + %ﬁgxo(l'zns)*‘ro(l"znc)
T

(=
-
i

t-tp
Xp = Xo + e

Check if elliptical orbit ( A > 0.0 and 8 < 0.0 ) and x, > 2xV&. If so, change dt so the iteration
doesn’t converge as quickly. A value of (10.0)dt in the preceding equation seems to work.

Xo = Xp

UNTIL |t-t,] < 0.00001

2 3

- 1.2 - _ Xo

f=1 —-f-(;-C g =t -—QT"S
HEEPEXEA

: 2 ; A

§=1-X0 F= e (2,8-1)

V:tfo-{-évo

19
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GAUSS ( r1,r2,dm,time, v1,v2

)

This procedure solves the Gauss problem of orbit determination and returns the velocity vectors at each of two given position
vectors, The solution uses Universal Variables for calculation and a bisection technique for updating Z. This method is slower
than the Newton iteration discussed in BMW, but it does NOT suffer problems with negative z values, and is valid for ellipses
LESS THAN one revolution, parabolas, and Hyperbolas. Also note the selection of small since the algorithm is very sensitive to
changes in this variable. A value of 0.001 will converge in say 10 iterations instead of 25 iterations with a value of 0.00001, and
the accuracy will differ in the 3rd-4th decimal place. I chose to keep the higher accuracy for cases like the example, BMW pg.

274, #5.10.

( Refer to graph on BMW pg. 235 for ranges of z. )

Inputs : R1
R2
DM
Time

OutPuts : V1
V2

Local Variables :
VarA
Y
F,.G
GDot
X0ld
Z0ld
ZNew
CNew
SNew
TimeNew

References
BMW

Variable

- T;,y 1K Position vector of interceptor
-5 gt 1JK Position vector of target after time
- direction of motion

-ty Time between R1 and R2

- V1trardIK Velocity vector of transfer orbit
* VoprardJK Velocity vector of transfer orbit

- Variable of the iteration, NOT the semi major axis!
-y

-f,g  {and g expressions

- K Derivative of g expression

=Xy  Universal Variable X
=%y New value of z

- Zn New value of =

-C C(z) function

-8 S(z) function

-t New time

pg. 228-241 (Uses a Newton iteration) Diagram pg. 235

Range
DU
DU
IL’,IS'
TU

DU/ TU
DU/ TU

TU

20




GAUSS (?.lfz,dm,to, 'v'l,Vz )

i F
COBAV=£i.11—f;2

dm = - (Short Way) or — (Long Way)

VarA =dmJryr, (14 Cos( Av))  If VarA = 0.0, the orbit is not possible

Guess Zy = 0.0, therefore C =% and S =%
Set bounds:  Upper = 4x2 and Lower = —dx

LOOP:
Yo = 1+ - VarA( {ré_ZOS)
Check if VarA > 0.0 and y < 0.0, then re-adjust lower bound of Z until y > 0.0
_ XS + VarA{¥,

A

IFt < t; reset lower bound = Z,
else

IFt > t;, reset upper bound = Z,

7 = upper + lower
n =< — 9

Calculate C and S:
IfZ, <00
If2, > 0.0
- 1- Cos( {2y,) S = {Z—;-Sm(s\[z—n)
Zn Z,
Zo = 2y
Check if the first guess is too close
UNTIL | t-t, | < 0.00001
Evaluate f and g coefficients
f= 1""%" g = VarA Y‘—"l
v, = I, ~1F
g = 1——’%
v, = szg" 3\
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IJKtoLATLON ( R,JD, Latgc,Lon )

This procedure converts a Geocentric Equatorial (IJK) position vector into latitude and longitude. Geodetic and Geocentric
latitude are’found.

Variable Range
Inputs :R -7 IJK Position Vector DU
JD - Julian Date days from 4713 B.C.
Outputs :GeoCnLat - Geocentric Latitude -%/2 to X/2 rad
Lon - Longitude (WEST -) -27 to 2% rad
Locals :
Rec - Range of site w.r.t. earth center DU
Height - Height above earth w.r.t, site DU
Alpha - Angle from I axis to point, LST rad
Deltalat - O LatDiff between Delta and Geocentric lat rad
GeoDtLat - Lat‘d Geodetic Latitude rad
Delta -6  Declination angle of R1 in IJK system rad
AE -a, Equatorial radius of Earth DU
GST - Greenwich Sidereal Time rad
Constants
Flat -f Flatenning of the Earth 0.003352810664747352
Coupling :
GSTime Greenwich Sidereal Time
References :
Eecobal pg. 398-399

.= [“‘_riz +_r,~2.-+—rk2-

T:
a = ’I‘an"(f‘_-)

Use procedure GSTime to Find GST
Long = a — GST

§ = Tan'l(—ru—r-k—n-)

\]’i2 + rjz

Let Lat‘c =4

LOQP 2
R = a 1-(2—12)

< °\ 1-(2:-:2)0072(1,4“”)

Latsd = Tan"! (-(-1—-107'1‘a.n( Lat,. ) )

" 2a:
Height = | r? — R ’sin( Lat g~ Lat.. ) = R Cos( Lat 4= Lat, )
.. Height ..
AlLat = Sin ‘( —=8Z Sin (Latgg— Laty. ) )
Lat,, = § — AlLat

UNTIL Amn,l-ALatn < 0.00001
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RNGAZ ( Liat,Llon, Tlat,Tlon,TOF, Range,Az)

This procedure calculates the Range and Azimuth between two specified ground points. Notice the range will ALWAYS be
within the range of values listed since you do not know the direction of firing, long or short. The procedure will calculate

Rotating Earth ranges if the TOF is passed in.

Inputs
LLat -
LLon -
TLat -
TLon -
TOF -
Outputs
Range -A
A -
Constants
OmegaEarthw,,

References :
BMW pg. 309-311

Start Geocentric Latitude

Start Longitude (WEST -)

End Geocentric Latitude

End Longitude (WEST -)

Time of Flight if ICBM, 0.0 otherwise

Range between points
Azimuth

Angluar Rotation of the Earth

-X/2- %/2rad
0.0 - 27 rad
~-x/2- %/2 rad
0.0 - 27 rad
TU

0.0- 7rad
0.0 - 2% rad

0.058833590688786 rad/TU

A= Cost (Sin( Llat ) Sin{ TLat ) + Cos( Llat ) Cos( Tlat ) Cos( Tlon—Llon +w,TOF ) )

Check for singular values of Range, 0.0 or half the distance around the Earth

Sin( Tlat ) - Cos( A ) Sin( Tlat )

g= o’ ( Sn( A ) Cos{ L1at ) )

Check if the Azimuth is greater than 180 degrees by

IF Sin( Tlon -Llon + w,TOF ) < 0.0 THEN

B=2x - f
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PATH ( Llat,Llon,Range,Az, Tlat,Tlon )

This procedure determines the end position for a given range and azimuth from a given point. Notice the use of ATAN2 to

eliminate quadrant problems. Also, Geocentric coordinates are used since the Earth is assumed to be spherical, ‘

Inputs
LLat - Start Geocentric Latitude -x/2- ®x/2rad
LLon - Start Longitude 0.0-27rad
Range -A Range between points DU
Ax - Asimuth 0.0-27rad

Outputs : .
TLat - End Geocentric Latitude -x/2- ®[2rad
TLon - End Longitude 0.0 - 2% rad

Locals .
DeltaN - AN Angle bteween the two points rad

Coupling :

Atan2 Arc Tangent function which also resolves quadrants
References :

BMW pg. 309-311

Make sure Azimuth, Llon, and Range are within first quadrant constraints

Tat = sm-l( Sin{ Liat ) Cos( A ) + Cos( Liat ) Sin( A ) Cos( 4 ) )

(Az)Sin( A) Cos( A) - Sin( Tlat ) Sin( Llat ) )

Sin
AN = ATAN?( Cos( Tlat) ° Cos( Tlat ) Cos( Llat )

Tion = Llon 4+ AN

Check quadrants of Tlon
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TRAJEC ( Llat,Llon,Tlat, Tlon,Rbo,Q, TypePhi,
‘ Range,Phi, TOF,Az,ICPhi,ICVbo,ICRbo,Vn )

This procedure calculates the Range, Azimuth, and Time of Flight between two specified ground points for an ICBM with as
known Q. Calculations depend on knowledge of burnout conditions, and the jterations are performed for either a high or low
trajectory. Notice the ICBM will fly on an inertial trajectory, and values for earth relative velocities, etc., are calculated after
the iteration. Notice these calculations do not support trajectorics over half the world away.

Inputs :LLat - Start Geocentric Latitude -%/2- 72 rad
LLon - Start Longitude (WEST -) 0.0 - 27 rad
* TLat - End Geocentric Latitude -x/2- ¥ rad
TLon - End Longitude (WEST -) 0.0 - 2% rad
Rbo - Radius at burnout DU
Q - Non-dimensional Q performance based on Inertial Velocity
N TypePhi - Type of trajectory, High ot Low 'H, 'L
Outputs :Range - A Rotating Range between points 00- xrad
Phi - ¢  Inert Flight Path Angle rad
TOF - Rotating Earth Time of Fligth TU
Az -p Inert Azimuth 0.0 - 27 rad
ICPhi - Influence Coefficient for Phi rad/rad
ICVbo - Influence Coefficient for Vbo rad/ DU/TU
ICRbo - Influence Coefficient for Rbo rad/rad
Vn - Velocity the missile needs to provide DU/TU
Locals QBoMin - Minimum Q for a given range
a - Semi Major Axis DU
Ecc -e Eccentricity
E -B Eccentric Anomaly rad
RangeOld - Iteration value of range DU
Vbo - Ineriial Velocity DU/TU
VEarth . Earths velocity DU/TU

Constants :
OmegaEarthw, Angluar Rotation of the Earth 0.058833590688786 rad/TU

Coupling :
RngAz Finds range and Axzimuth given two points

References :
BMW pg. 293-313
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Find Range and Arimuth using RNGAZ A, §

L = rbo
g
2Sin(-‘})
Qpomin = ————"3~
14 Sin(-f-)

IF The ICBM trajectory is possible ( Qp > Qp min )

LOOP
IF High Trajectory:
$= 0.5(1—Sin"(-2-a—q-) sin(4) -4 )
IF Low Trajectory

¢= o.s(Sin'l(’-'c;—Q)sxn(-Q-)-% )

e = {1+Q(Q2)Co’($)

1 e-Coc(-'})

E Cos™*(

l-eCoa(—j,\-)

3
TOF=2\J§‘-—(T-E+eSin(E))
Find Range and Azimuth using new TOF A, §

UNTIL (RangeOld- A ) > Small
- | Q
Voo = oo
Evaluate Influence Coefficients

s Sin( -‘} )

IC = —g—

Y Vbol'bo s;n(2¢)
. 2 A

o= 8 Sn(5)

vibo’jbo Sin( 26 )

104 = 2Sin( A +24)

Sin( 2¢) 2

Vearth = WoCos( Llat )

~Vy,,Cos( ¢ ) Cos( )
v, = Vi, Cos( ¢ ) Sin( B)

Vo Sin( 9)
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J2DRAGPERT ( Inc,E,N,NDot, OmegaDot,ArgpDot,EDot )

This procedure calculates the perturbations for the predict problem involving secular rates of change resulting from J2 and

Drag only.
Inputs :Inc -i Inclination rad
e - Eccentricity
N - Mean Motion rad/TU
NDot -1 Mean Motion rate rad / 2Ty?
Outputs :OmegaDot - Long of Asc Node rate rad / TU
ArgpDot - Argument of perigee rate rad / TU
EDot - Eccentricity rate ]/ TU
Locals P - Semi-parameter DU
v a - Semi-major axis )18)
Constants ¢
J2 -Jg  J, harmonic of the Earth 0.00108263

References :
Escobal pg. 369 ‘
O'Keefe et al., Astronomical J, Vol 64 num 7, pg. 247 for Edot

J5- First order equations where n < 2

e
i

%

Iy

n°[1+ %J,-—T—J‘;"‘z(l— %sm’i)]

=t
)]

J
Q=9 - (g?’-c«i)ﬁ(z—to)

Q= - (%%g-cmi)a

w = w, + (%%}[2-;}%\2 i])ﬁ(t-—to) w:(%-::g-[z—gsm’ i])ﬁ

M= M, + &8t-ty)
Drag - Simplified by assun ..g radius of perigee is constant as drag reduces semi major axis a, therfore, proceed as:
=2 (1—¢)

Arp = Aa(1—e)—alex0

2(1—¢)
e = e = =

. T
(- t) e
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PREDICT(JD.JD

h,No,NDot,
OmeégaDot, rggo, (r)gp 8t,

s LR b1 " RRa%A2,E1,is )

This procedure determines the azimuth and elevation for the viewing of a staellite from a known ground site. Notice the Julian
Date is left in it's usual DAYS format since the dot terms are input as radians per day, thus no extra need for conversion. The
Julian Date also facilitates finding the site position vector. Also observe RANDV is not used since this would merely accomplish
extra calculations. The iteration is left out to allow the user to set up his own loop to look for possible sighting times.

Inputs

:JD

JDEpoch
No

Ndot

Eo

Edot.
Inco
Omegao
OmegaDot
Argpo
ArgpDot
Mo

Lat

Lon

Alt

Outputs :Rho

Locals

Coupling
SUN
SITE
LSTime
NewtonR

Az
El
Vis

Variable o
Dt

A

EO

Nu

LST

GST
Theta
Dist

Vs
RhoVec
RHoV
RSun

References :

Escobal

pg- 369

V" o

.

©

-Q,
-Qo
-(:)o
- W,
“ Mo

Julian Date of desired observation
Julian date of epoch for satellite
Epoch Mean motion

Epcoh Half Mean Motion Rate
Epoch Eccentricity

Epoch Eccentricity rate

Epoch Inclination

Epoch Lon of Asc node

Epoch Lon of Asc Node rate
Epoch Argument of perigee
Epoch Argument of perigee rate
Epoch Mean Anomaly

Geodetic Latitude of site
Longitude of site

Altitude of site

Range from site to satellite
Asimuth
Elevation
Visibility

Radar Sun,

denotes the epoch value, while no o is current
Change in time from Epoch to desired t

Semi major axis
Eccentric Anomaly

True Anomaly

Local Sidereal Time
Greenwich Sidereal Time

Angle between 1JK Sun and Satellite vec

Ppdculr distance of satellite from RSun

1JK Satellite vector

1JK Site Vector

Site Velocity vector

Site to satellite vector in SEZ
Site to satellite vector in IJK
Sun vector

Position vector of Sun

Site Vector

Local Sidereal Time

Iterate to find Eccentric Anomaly
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Days
Days
rad/day
rad/ Qday2

/day
rad

rad
rad/day
rad
rad/day
rad

rad

rad

DU

DU
rad
rad
Eye, Radar Nite, Not Visible

days
DU
rad
rad
rad
rad
rad
DU
DU
DU
DU/TU
DU
DU
AU




Rk =

Dt = JD - JDepoch
Update orbital elements from epoch to current time, JD

e = ¢, + ¢ At

i=i0 .
Q=0 +Q At
w=w, + o, At

n = n,+ i, At i
M=M, +n, At + 2 A

Use NEWTONR to Find Eccentric Anomaly and True Anomaly E and », Then find position vector

a= n23
[ pcos(v) |
1+ eCos( V)

p Sin{ V)

pqw 1+ «Cos( V)

0
L N

Cos {2Cos w—Sin 1Sin wCos i

~Cos §2Sin w—Sin {1Cos WCos i
Sin §2Cos w-+Cos (1Sin wWCos i ~Sin §2Sin w+Cos §1Cos WCos i

Sin wSin i Cos WSin i

Use LSTIME and SITE to find the LST and the Slte Vector Eﬁk
Pk = Fij- RSy

Find Topocentric Right ascension and Declination

RtAsc = ATmQ( 2pj ik 2 bi 7 )
\JPi + Py \JP; + 5P
= sip°l Pk)
Decl = Sin (T
Sin(lat)Cos(lst) Sin(1at)Sin(1st) -Cos(lat)
Paer = -Sin(lst) Cos(lst) ]
Cos(lat)Cos(lst) Cos(1at)Sin(lst) Sin(lat)
Check Visibility
IF Above the Horizon
Peerldl > 00

IF Night Time at the site
R'S'ijk * RSun;;, <00
IF Satellite not in Earth's shadow
Find angle & between R and RSun
Dist = R Cos( § — 90")
If Dist > 1.0 ( DU’s ), satellite is visible to the eye

Find Topocentric Azimuth and Elevation

Pe
\J o2 + Pe2

El = Sin’} (%_)

Az = ATan2(

.p'
! \j;sz+ Pe2 )

29

Pijk

+Sin QSin i
—Cos {lSin i

Cos i

o

NOTICE! The NORAD 2-card element set has n_ sent as

=]

Pqw

%o

2




RENDEZVOUS ( Rcsl,Rcs2,Phasel,NumRevs, PhaseF,Waitime )

This procedure calculates the parameters for a Hohmann transfer type rendezvous.

Inputs  :Rcsl - Radius of circular interceptor DU

Rcs2 Ty Radjus of circular target DU

Phasel - ¢'- Initial Phase angle rad

NumRevs - Number of revs to wait
Outputs :PhascF -¢ s Final Phase Angle rad

WaitTime - Wait time until next opportunity TU

-

Locals  deadAng -0 Lead Angle rad

A - & Semi-major axis DU
Constants .
References :

For the Transfer orbit :

_‘rl+r2
& =

Time of flight for a Hohmann transfer is half the period of the transfer orbit :

= xal%2
TOF = IJ;

From the formula for circular satellite speed :

- |B
Yigt = \lq

— |8
Yint = l';

a= V'g‘ TOF

¢j= X -
¢"— ¢j+21 NumRevs

Vint = Vtgt

Wait =

d0




Hohmann ( R1,R3,el,e3,Nul,Nu3, DeltaV1,DeltaV2,TOF )

This procedure calculates the delta v's for a Hohmann transfer for either circle to cirlce, or ellipse to ellipse. The notation used
. is from the initial orbit (1) at point a, trasnfer is made to the trasnfer orbit (2), and to the final orbit (3) at point b.

Inputs :R1 - Initial position magnitude DU
R3 - Initial position magnitude DU
el - Eccentricity of orbit 1
e3 - Eccentricity of orbit 3
Nul - True Anomaly of orbit 1 rad
Nu3 - True Anomaly of orbit 3 rad
“a
Outputs :DeltaVa - Change of velocity at a DU /TU
DeltaVb - Change of velocity at b DU /TU
TOF - Time of transfer TU
” Locals Vla - Vyq Velocity ata DU / TU
V2a -V, Vvelocity at a DU /TU
V2b - vy, velocity ath DU/ TU
V3b - vqp velocity at b DU/ TU
A -3 Semi-major axis DU

References :

From the formula for circular satellite speed ¢

— Il‘

Yia = 1
— ll‘
‘ va}' B Fa

For the Transfer orbit :

ry + T
N

From the equation for elliptical satellite speed :

= [LE _E
Y T AT TR

= LE - K
b =g TR
Av=| v =vip |+ L vg v |

Time of flight for & Hohmann transfer is half the period of the transfer orbit :
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ONE TANGENT ( R1,R3,el,e3,Nul,Nu2,Nu3, DeltaV1,DeltaV2,TOF )

This procedure calculates the delta v's for a one tangent transfer for either circle to cirlce, or ellipse to ellipse. The notation
used is from the initial orbit (1) at point a, trasnfer is made to the trasnfer orbit (2), and to the final orbit (3) at point b.

Inputs :R1 . Initial position magnitude DU
R3 - Initial position magnitude DU
el - Eccentricity of orbit 1
e3 - Eccentricity of orbit 3
Nul - True Anomaly of orbit 1 rad
Nu2 - True Anomaly of orbit 2 rad
Nu3 - True Anomaly of orbit 3 rad
Outputs :DeltaVa - Change of velocity at a DU/TU
DeltaVb - Change of velocity at b DU/TU
TOF - Time of transfer TU
Locals Via - Ve Velocity ata DU/ TU
Vaa - Vg, velocity ata DU/ TU
Vib -vgp velocity at b DU /TU
V3b - vgp velocity at b DU/ TU
A -a,  Semi-major axis DU
References :

Consider the one tangent burn transfer illustrated to the right. Before determining the total change in velocity, the transfer
otbit eccentricity must be calculated.

r
1
B 7 (1-e) "
e =——p = (e 2= T
C“”Qb—fs 2

From the formula for circular satellite speed :

- |B — B

From the equation for elliptical satellite speed :
- |oB H — H [
= - g = i =k

Ava= | Y22 " V1a I

The fight path angle is needed for the non-tangential transfer at b
_ & Sinpy,

Since the final orbit is circular, ¢3b =0.0.

— ol 2
Bvy, = \v, + i), = 2vgyvy,Cos (dgy, = bap)
The total A v is simply the sum of the two burns.
A v = A V. + A Vb

Time of flight is calculated using Keplers Equation.

3
TOF = |72 (2k7r +(E = e, SinE) = (E, — e, Sin Eo))
Since this transfer is initiated at periapsis, E; = 0.0. The transfer does not pass periapsis, so k must = zero.
e, Cos V.
CosE = —?Fi-e—&
1 e2 08 V2b
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HILLSR ( R,V,Alt,T, R1,V1)

This procedure calculates the various position information for Hills equations. Notice the XYZ system used has Y colinear with
Target Position vector, Z normal to target orbit plane, and X in'the direction of velocity.

Inputs :R - Initial position vector of INT DU
v - Initial velocity vector of INT DU/TU
Alt - Altitude of target satellite DU
T - Desired Time TU
Outputs :R1 - Final position vector of INT DU
\'2! - Final velocity vector of INT DU/TU
Locals = - Circular velocity of INT DU/TU
References :
Kaplan pg. 108-118

-

x(t) = -;x-,QSin nt—(g#-{- 3x0)Cos nt+(-2-¥-+ 4x0)

y(t) = ?,*#mnz+(5,yr°-+ Bx, ) Sin m+(yo-3,"‘r‘!)-(3yo+enxo)t

a(t) = 2y Cosnt + 'z!?' Sin nt
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HILLSV ( R,AILT, V)

This procedure calculates the initial velocity for the Hills equations. Notice the XYZ system used has Y colinear with Target
Position vector, 7 normal to target orbit plane, and X in the direction of velocity.

Inputs :R - Initial position vector of INT DU
Alt - Altitude of target satellite DU
T - Desired Time TU
Outputs :V - Initial velocity vector of INT DU/TU
locas = - Circular velocity of INT DU/TU
References :
Kaplan pg. 108-115

.

(6xo (nt - Sin nt) — yg) nSin nt ~ 2nxy (4 — 3Cos nt)(1 ~ Cos nt)

Yo = (4Sin nt — 3nt)Sin nt + 4(1 — Cos nt )?
. _ nxg (4 ~ 3Cos nt) + 2(1 ~ Cos nt) y,
o = Sin nt
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REENTRY ( Vre,PhiRe,BC,H, V,Decl,MaxDecl )

This procedure calculates various reentry paramters using the Allen & Eggars approximations,

Inputs :Vre - Reentry Velocity n}/s
PhiRe - Reentry Flight Path Angle rad
BC - Ballistic Coefficient kg/m2
H - Altitude km

Outputs :V - Velocity m/s
Decl - Deceleration g's
MaxDecl - Maximum deceleration g's

Locals

References :

( Po e—-oclhf h )
v=V,e 2 BC sclht Sin ¢,
v _ = aclht v Sin 4,
“gmax 2ge
v o oy=v,, e s 061y
v re re
max ¥
g
Vienp = Vee ¢Pof2 & sclht Sin ¢,

2
. vre P, .
"v/gimp = W-ﬁ- e [po/ A sclht Sin q.",e]
__1 —~Pg
L L = weIn Lo ( goamdm o )
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Quartic Root Solutions
Ref : Escobal pg 430-433  Assume the general form of :

y = Ax*+Bx®+ Cx*+Dx + E

Rearrange as
y =x*+Bx®+ Cx®+Dix 4+ Er
= Bt
h = 4
P =6h%+ 3Bh + Cr
Q = 4h® 4 3Bh? 4+ 2Ch + Dr
IF Q = 0., let Z = y* and solve the quadratic for Z (Zz+ PZ + R=0)
y=2
X.'=y"+h
R =h*+ Bh®+ Ch? 4+ Dh + E
~ 1 2 _ _ Ap?
a = 3(3(9 4R) - 4p? )

b = 71-( 16P3 — 18P(P? - 4R) ~ 27Q? )
_ o
8 =-3P
3 2
a b
A= 57 +
IF A > 0,0 THEN Use Cardan’s Formula, be sure to evaluate negative cube roots with SGN function

7= 4B +VE + 3[-B-

mz,,:ﬂ( R N L) )

IF A =00THEN Make sure to evaluate the negative cube roots using SGN function

- o31_b
_2.12

IF & < 0.0 THEN Use Trigonometric identity

Cos ¢ = -qisr Sin ¢ = 1= Cos? ¢

7, = Eq Cos (§ + 120)

Zy = By Cos (§ + 240)
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Find Ry as the largest value of ( Z; + s )
(=3(P + B - ﬁ-r)

p=1(P + R + 'J%')

Solve the quadratics

v+ Ry + ¢

v+ Ry + B

The Roots are then

x,-=y,-+h
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APPENDIX A
PASCAL SOURCE CODE
TECHNICAL ROUTINES




)
UNIT AstroLib;

Module - ASTROLIB.PAS

This file contains fundamental Astrodynamic procedures and functions
relating to the time functions.

AARRRRRRRRARARRAY  NOTICE OF GOVERNMENT ORIGIN #eRRaAtaxAgxids

This software has been developed by an employee of the United States
Government at the United States Alr Force Academy, and is therefore

a work of the United States, and is NOT subject to copyright protection
under the provisions of 17 U,.8.C. 105. ANY use of this work, or
inclusion in other works, must comply with the notice provisions of

17 U.s.C. 403.

REKRRKK AR N R AR AR R AR IR ERRARRRR AR R AR RR AR AR R C RN NN RN RN AN R AR R AR AN

Currxent : 30 Jan 91 Capt Dave Vallado VERSION 3.0

Changes : 28 Jan 91 Capt Dave Vallado
Add algorithm section
20 Sep 90 Capt Dave Vallado
Update small in elorb/randv/angle etc
Change to Predict for rtasc and decl
20 Apr 50 Capt Dave Vallado VERSION 2.0
Version 2.0
16 Nov 89 Capt Dave Vallado
Integrated intc ons tile
12 Feb 89 Capt Dave Vallado
Standardized format
29 Sep 88 Capt Dave Vallado
Added HMS and DMS to Rad conversions
30 Aug 88 Capt Dave Vallado
Version 1.0

Amg




(*

INTERFACE
Uses Math;
TYPE
Strll = STRING([11];
Strl0 = STRING[10];
Str3 = STRING(3];
VAR
Show : Chary
FileOut : TEXT;
T Routines for Time calculations ——~—--—=---wa—- }
Procedure JulianDay ( Yr,Mon,D,H,M t Integer;
8 : Extended;
VAR JD s+ Extended );
Procedure DayOfYr2MDHMS { ¥r t Integer;
Days + Extended;
VAR Mon,D,H,M t Integer;
VAR 8 s Extended );
Procedure InvJulianDay { JD ¢ Extended;
VAR Yr,Mon,D,H,M t Integer;
VAR 8 : Extended )i
Procedure FindDays ( Yoar,Month,Day,Hr,Min s INTEGER)
Sac : Extended;
VAR Days ¢+ Extended );
Function GSTime { JD t Extended ):
Function GSTim0 ( ¥r : Integer ):
Procedure LSTime ( Lon,JD + Extended;
VAR LST,GST 1 Extended );
Procedure SunRiseSet { JDate,Lat,Lon 1 Extended;
WhichKind t CHARj
VAR UTSunRise, UTSunSet s Extended );
Procedure HMStoUT ( Hr,Min t Integer;
Sac : Extended;
VAR UT t Extended );
Procedure UTtoHMS { ur : Bxtended;
VAR Hr,Min : Integer)
VAR Sec s Extended );
Procedure HMStoRad { Hr, Min 1 Integer;
Sec s Extended;
VAR HMS t Bxtonded )i
Procedure RadtoHMS { HMB 1 Extended;
VAR Hr,Min t Integer;
VAR Sec t Extended );
Procedure DMStoRad ( Deg,Min t Integer;
Ssc ¢+ Extended;
VAR DMS s Extended );
Procedure RadtoDMS ( DMS : Extended;
VAR Deg,Min : Integer)
VAR Sec ¢ Bxtended );

*)

Extended)

Extended;




Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Procedure

Function

Function

Prccedure

Procedure

Procedure

-~~~ Routines for Technical 2-Body calculations ----- ~——-}
Site { Lat,Alt,Lst : Extended;
VAR RS,VS t Vector Yt
RVTOPOS ( Rho,Az,Rl,DRho,DAz,DEL :+ Bxtended;
VAR Rhovec,DRhovec : Vector ):
Track ( Rho,Az,El,DRho,DAZ,DEL,
Lat,Lst s+ Bxtended;
RS t Vector;
VAR R,V 1 Vector )3
Razel { R,V,RS s Vector;
Lat,Lst ¢ Bxtended;
VAR Rho,Az,El,DRho,DAz,DElx Extended );
Elorb { R,V 3 Vector;
VAR P,A,Bcc.Inc.Omcga,Atgp,
Nu,M,U,L,CapPi t Extended );
Randv { P/E, Inc,Omcgl,AxgpnNu,
u, L.CapPl ' + Bxtended;
VAR R,V H 1 Vector )
Gibbs { R1,R2,R3 t Vector;
VAR V2 t Vector;
VAR Theta s Extended;
VAR flt t Integer );
HerrGibbs { R1,R2,R3 t Vector;
Jb1,JD2,JD3 1 Bxtended;
VAR V2 t Vector;
VAR Theta 1 Bxtended;
VAR flt t Integer );
PindCands { ZNew 1+ Extended;
VAR CNew,SNew 1 Extended );
NewtonR ( B)M t Extended;
VAR RO,Nu 1 Extended );
Kepler { Ro,Vo t Vector)
Time + Extended;
VAR R,V t Vector ):
Gauss ( RL,R2 t Vector;
DW t Char;
Tirme + Extended;
VAR Y1,V2 t Vector )?
IJKtoLatLon (R t Vector;
JD t Bxtended;
VAR GeoCnlLat,Lon t Extended );
Sun { JD t Extended;
VAR RSun t Vector;
VAR RtAsc,Decl t Bxtended );
Moon ( JD t Extended;
VAR RMoon t Vector;
VAR RtAsc,Decl t Extended );
PlanetRV { PlanstNum t Integer)
JD 1 Extended;
VAR R,V 1 Vector ):
Geocentric ( Lat t Bxtended )t Extended;
InvGeocentric { Lat 1 BExtended ): Extended;
Sight ( Rl,R2 t Vector;
VAR LOS : Str3 )i
Light (R t Vector;
Jb + BExtended;
VAR LIT 1 8tr3 )i
OMS2 { Lat,lon,Alt,Phi,Az,8peed,JD : Extended;
VAR R,V t VECTOR );

A-id




{ == Routines for ICBM calculations —---—~--=-~-u=m }
Procedure RngAz ( LLat,LLon,TLat,TLon,TOF : Extended;
VAR Range, As : Extended );
Procedure Path { LLat, LLon, Range, Az s Extended;
VAR TLat, TLon + Extended );
Procedure Trajec { LLat,LLon,TLat,TLon,Rbo,Q : Extended;
TypePhi 1 Char;
VAR Range,Phi,TOF,Az,ICPh},
1CVbo, ICRboO t+ Extended;
VAR VN 3 Vector N}
{ mmmmmmmem Routines for Orbit Transfer calculations ~——--~—-- }
Procedure Hohmann ( Rl,R3,el,e3,Nul,Nu3 s Extended;
VAR Deltava,Deltavb,TOF : Extended );
Procedure OneTangent ( Rl,R3,e1,03,Nul,Nu2,Nu3 1 Extended;
VAR Deltava,Deltavb,TOF : Extended );
Procedure GeneralCoplanar { R1,R3,el,02,03,Nul,Nu2a,Nu2b,Nu3 : Extended;
VAR Deltava,Deltavb,TOF : Extended );
Procedure Rendezvous ( Rcsl,Rcs2,Phasel + Extended;
NusRevs t Integer;
VAR PhaseF,WaitTime s Extended );
Procedure Interplanetary ( R1,R2,Rbo,Rimpact,Mul,Mut,Mu2 : Extended;
VAR Deltavl,Deltav2,Vbo,Vretro : Extended );
Procedure Reentry ( Vre,PhiRe,BC,h + Extended;
VAR V,Decl,MaxDecl : Extended )
Procedure HillsR { R,V : Vector;
Alt,t + Extended;
VAR R1,V1 + Vactor )3
Procedure HillsV (R : Vector)
Alt,t t Extended;
VAR V s Vector )1

A-1i1
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{ ——emmee Routines for Technical Perturbed calculations —------ }
{ —~mmmemee and Numerical Integration techniques ---~--—--—-- }
Procedure Target { RInt,VInt,RTgt,VTgt : Vector;
Dm t+ CHAR;
TOPF : Extended;
VAR V1t,v2t,DV1,DV2 s Vector )i
Procedure PKepler ( Ro,Vo s Vector,
DeltaT : Extended;
VAR R,V t Vector )i
Procedure J2DragPert ( Inc,B,N,NDot 1 Extended;
VAR OmegaDOT,ArgpDOT,EDOT : Extended );
Procedure Predict ( Jp,JDBpoch,no,Ndot,Eo,Bdot,inco,
Omegao,OmegaDot,Argpo,Argpbot,Mo,
Lat,Lon,Alt : Extended;
VAR Rho,Az,El,RtAsc,Decl : Extended;
VAR Vis s 8trll )
Procedure Deriv { ITima 1 Extended;
X t Matrix;
VAR XDot 1 Matrix )3
Procedure PertAccel { R,V t Vector:;
ITime 1 Bxtended;
WhichOne t Integer;
BC + Extended;
VAR APert s Vector )3
Procedure PDeriv (B 1 Matris;
ITime 1 Extended;
DerivType 3 8trlo;
BC t+ Extended;
VAR XDot + Matrix );
Procedure RK4 ( ITime + Extended;
or 1 Bxtended;
N 1 Integer;
Derlivrype t 8trl0;
BC + Extended;
VAR X s Matrix )i
Procedure ATMOS (R t Vector;
VAR Rho t Bxtended );
Procedure CHEBY { ALT s Extended;
VAR PALT,RHOALT 1 Extended );
Constants used in this Library
Rad §7.29577951308230 Degrees per radian
HalfPpl 1.57079632679490
Pl 3.14159265358979
TwoPi 6.28318530717959
OmegaBarth 0.0588335906869878 Angular rotation of Earth (Rad/TU)
RadPerDay 6.30036809866574 Rads Rarth rotates in 1 Solar Day
TUMin 13.44665108204 Minutes per Time Unlt
TUDaySun 54.20765355 days per sun TU
EESqrd 0.00669437999013 Rccentriclity of Barth's shape squared
Flat 0.003352810664747352 Flatenning of the Earth
GMS 332952.9364 Sun Gravitatlonal Parameter DU3/TU2
GMM 0.01229997 Moon Gravitational Parameter DU3/TU2
J2 0.00108263
J3 -0.00000254
J4é ~-0,00000161
TUDay 0.00933809102919444 Days per Time Unit

*)

IMPLEMENTATION

*)
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PROCEDURE JULIANDAY

This procedure finds the Julian date given the Year, Month, Day, and Time.
The Julian date is defined by each elapsed day since noon, 1L Jan 4713 BC.
Julian dates are measured from this epoch at noon so astronomers
observations may be performed on a single “day". The year range is
limited since machine routines for 365 days a year and leap years are
valid in this range only. This is due to the fact that leap years occur
only in years divisible by 4 and centuries whose number ls evenly
C¢ivisible by 400, ( 1900 no, 2000 yes ... )

NOTE: Thls Algorithm is taken from the 1988 Almanac for Computers,
Published by the U.S. Naval Observatory. The algorithm is good for dates
between 1 Mar 1900 to 28 Feb 2100 since the last two terms (from the
Almanac) are commented out,

Algorithm + Find the various terms of the expansion
Calculate the answer
Author : Capt Dave Vallado USAPA/DPAS 719-472~4109 12 Aug 1988
Inputs :
Yr ~ Year 1900 .., 2100
Mon = Month 1., 12
D - Day 1 .. 28,29,30,31
H - Universal Time Hour 0 .. 23
M =~ Universal Time Nin 0 .. 59
Sec - Universal Time Sec 0,0 .. 59.999
Outputs H
I JD = Jullan Date days from 4713 B.C,
! Locals 1
{ Torml - Temporary Extended value
Term2 -~ Temporary INTEGER value
Terml - Temporary INTEGER value
ur - Universal Time days
Constants H
None.
Coupling t
None.,
References t
1988 Almanac for Computers pg. B2
Escobal pg. 17-19
Kaplan pg. 329-330
PROCEDURE JullianDay ( Yr,Mon,D,H,H t Integer;
s : Extended;
VAR JD s Bxtended )i
VAR

Term2, Term3 : INTEGER;
Terml, UT t Extended;
BEGIN
TERMl:= 367.0 * Yr;
PTERM2:= TRUNC( (7* (Yr+TRUNC ( (Mont9)/12) } ) / 4 )3
TERM3t= TRUNC( 275*Mon / 9 );
UTs= ( (8/60.0 + M ) / 60,0 + H ) / 24.0;

JD:= (TERML~TERM2+TERM3) + D + 1721013.5 + UT { + #ax},
END; { Procedure JullanDay }
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PROCEDURE DAYOFYR2MDHMS
This procedure converts the day of the year, days, to the month
day, hour, minute and second.
Algorithm t Set up array for the number of days per month
loop through a temp valus while the value is < the days
Perform integer conversions to the correct day and month
Convert remainder into H X 8 using type conversions
Author s Capt Dave Vallado USAFA/DFAS 719-472~4105 26 Feb 1990
Inputs H
Yr - Year 1900 .. 2100
Days - Julian Day of the year 0.0 .., 366.0
! oOutPuts t
| Mon - Month 1., 12
D - Day 1 .. 28,29,30,31
H - Hour 0..23
M -~ Minute 0..59
Sec - Second 0.0 .. 59.999
Locals :
Dayofyr - Day of year
Temp - Temporary Extended values
IntTemp -~ Temporary Intsger value
{ i - Index
Constants t
LMonth(12) - Integer Array containing the number of days per month
Coupling :
None.
References H
None.
PROCEDURE DayOfYr2MDHMS { Yr : Integer;
Days 1 Extended;
VAR Mon,D,H,N 1 Integer;
VAR 8 t Bxtended ),
VAR
Temp 1 Extended;
IntTemp, !, DayOf¥Yr : Integer;
LNonth t Array(l..12) of Integer;
BEGIN
{ —momememmeeaan Set up array of days in month =--cemceemmmme- )
FOR i:= 1 to 12 DO
BEGIN
CASE | OF
1,3,5,7,8,10,12 3 LMonth{i):= 31;
4,6,9,11 + LMonth(1i):= 30,
2 t LMonth[1]):1= 28;

END;  { Case }
END;

DayofY¥r:= TRUNC(Days )

{ - Find month and Day of month ——-—-—==-ceem—oe }
IF ( (Yr-1900) MOD 4 ) = 0 THEN
LMonth{2]):= 29
iz 1;
IntTempi= 0y
WHILE ( DayOof¥r > IntTesp + LMonth(l) ) and ( 1 <12 ) DO
BEGIN
IntTemp:= IntTemp + LMonth[i});
i:= i+1,
BND;
Mon:= i,
D 1= DayOfYr - IntTemp)

{ —ommmmemme Find hours winutes and seconds =—---=—=e=--=- }
Tenp:= (Days - DayofY¥r )*24.0
H = TRUNC( Temp ):
Temp:= (Temp-H ) * 60.0;
H 1= TRUNC( TemDp )i
S i= (Temp-M ) *60.0
END; { Procedure DayofYr2HDHNS )}

A-2




Algorithm t

PROCEDURE INVJULIANDAY

Set up starting values

This procedure finds the Year, month, day, hour, minute and second
gilven the Julian date.

Find the elapsed days through the year in a loop
Call routine to find each individual value

Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 26 Feb 1990
Inputs H
Jb - Jullan Date days from 4713 B.C.
|
| OutPuts 3
| Yr - Year 1900 .. 2100
| Mon - Month 1.,12
D - Day 1 .. 28,29,30,31
H - Hour 0 .. 23
M - Minute 0..59
Sec - Second 0.0 .. 59.999
Locals H
days - Day of year plus fraction of a day days
Tu - Julian Centuries from 1 Jan 1900
Temp - Temporary real values
LeapYrs ~ Number of Leap years from 1900
]
Constants t
None.
Coupling 3
Dayof¥r2MD Finds Month, day, hour, minute and sscond given Days and ¥Yr
References :
1988 Almanac for Computers pg. B2
Escobal pg. 17-19
Kaplan Pg. 329-330
PROCEDURE INVJULIANDAY { ID + Extended;
VAR Yr,Mon,D,H,M t Integer)
VAR 8 s Extended )7
VAR
Days, Tu, Temp : Extended;
LeapYrs + Integer;
BEGIN
{ ~—mmmmemme Find Year and Days of the ysar ——-—-ee—cmn——o- }
Tempt= JD-2415019.5;
Tu 1= Temp / 365.25
¥r := 1900 + TRUNC{ Tu )»
LeapYrst= TRUNC( ( ¥Yr-1900-1 )/4.0 );
Days:= Temp - ({Yr-1900)*355.0 + Leap¥rs )i
e Check for case of beginning of a year ~==~—------ }
IF Days < 1.0 THEN
BEGIN
Yri= ¥r - 1;
Leap¥rs:= TRUNC( ( Y£-1900-1 }/4.0 );
Daysi= Temp - ({Yr-1900)*365.0 + Leap¥rs );
END;
----------------- Find remaing data }

DayOfYr2MDHMS( Yr,Days, Mon,D,H,M,8 )i

END; { Procedure Inverse mod jd }




PROCEDURE PINDDAYS

This procedure finds the fractional days through a year given the year,

month, day, hour, minute and second.
Algorithm : Set up array for the number of days per month

Check for a leap year
Loop to find the elapsed days in the year

Author ¢ Capt Dave Vallado USAFA/DFAS 719-472-4109 11 Dec 1990
Inputs H

Yr - Year 1900 .. 2100

Mon - Month 1l .. 12

D - Day 1 .. 28,29,30,31

H - Hour 0..23

N - Minute 0..59

Sec - Second 0.0 .. 59.999
OutPuts :

days - Day of year plus fraction of a day days
Locals !

i - Index
Constants H

None.
Coupling :

None.
References 3

None.

PROCEDURE FindDays

{ Year,Month,Day,Hr,Min t INTEGER;

Sec t Extended;
VAR Days + Extended ),
VAR
i t BYTE;
LMonth : ARRAY[1l..12] of INTEGER;
BEGIN
POR i:t= 1 to 12 DO
NEGIN
CASE i OF

1,3,5,7,8,10,12 3 LMonth[i):= 31)
4,6,9,11 ¢ Lionth{i}):= 30;
2 3 LMonth[i):i= 28
END; { Case )
END;
IF TRUNC{ RealMOD( Year-1900,4 ) ) = 0 THEN
LMonth{2}:= 29;
i 1= 13
Days:= 0.0;
WHILE (1 < Month) and ( {1 < 12 ) DO
BEGIN
Days:= Days + LMonth[i];
{121+
END;
Days:= Days + Day + Hr/24,0 + Hin/1440.0 + Sec/86400.0)
p;  { Procedure PindDays }

{




PUNCTION GSTINE

This function finds the Greenwich Sidereal time. Notice just the integer
part of the Julian Date is used for the Jullan centuzies calculation.

Algorithm t Perrorm expansion calculation to obtain the answer
Check the answer for the correct guadrant and size
Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 12 PFeb 1989
Inputs :
Jb - Jullan Date days from 4713 B.C.
| oOutPuts :
| GSTime - Greenwich Sidereai Time 0 to 2Pi rad
|
Locals H
Temp -~ Temporary varlable for reals rad
Tu -~ Julian Centuries from 1 Jan 2000
Constants H
TwoPl -
RadPsrDay ~ Rads Earth rotates in 1 Solar Day
Coupling H
RealMOD Real MOD functlon
References :
1989 Astronomical Almanac pg. B6
Escobal pg. 18 - 21
Explanatory Supplement pg. 73-75
| Kaplan pg. 330-332
: BMW pg. 103-104
- }
FUNCTION GSTime { JD : Bxtended ): Extended;
CONST
TwoPl 1 Extended = 6.28318530717959;
RadPerDay: Extended = 6.30038809866574;
VAR
Temp, Tu 1 Extended;
BEGIN

Tu 3= ( INT(JID) + 0.5 - 2451545.0 ) / 36525.0;
Temp:= 1,753368559 + 628.3319705%Tu + 6.770708127K-06*Tu*Tu +
RadPerDay*( (FRAC( JD )-0.5) )i

e

{ Check quadrants
Temp:= RealMOD( Temp,TwoPl );
IF Temp < 0.0 THEN

Temp:= Temp + TwWwoPl;

GSTime:= Temp;

gND; { Punctlion GSTime }
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FUNCTION GSTIMO

This function f£inds the Greenwich Sidereal time at the beginning of a year.
This formula is derived from the Astronomical Almanac and is good only for
0 hr UT, 1 Jan of a year.

Algorithm : Find the Julian Date Ref 4713 BC
Perform expansion calculation to obtain the answer
Check the answer for the correct gquadrant and size

Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Feb 1989
Inputs H
| Yr - Year 1988, 1989, etc.
OutPuts H
GSTim0 - Gresnwich Sidereal Time 0 to 2P} rad
Locals :
JD ~ Julian Date days from 4713 B.C.
Temp -~ Temporary variable for Reals rad
Tu -~ Julian Centuries from 1 Jan 2000
Constants t
TwoP! Two times i
Coupling H
RealMOD Real NOD functlion
References H
1989 Astronomical Almanac pg. B6
Escobal pg. 18 - 21
Explanatory Supplement pg. 73-75
Kaplan pg. 330-332
BMW pg. 103~104
}
FUNCTION GSTim0 { ¥r t Integer ): Extended;
CONST
TwoPi : Extended = 6.28318530717959
VAR
JD, Temp, Tu : Bxtended;
BEGIN

JD := 367.0 * ¥r - { TRUNC({7*(¥r+TRUNC(10/12)))/4) ) +
( TRUNC(275/9) ) + 1721014.5;
Tu 1= ( INT(JD) + 0.5 ~ 2451545.0 ) / 36525.0;
Temp:= 1.753368559 + 628,3319705%Tu + 6.770708127K-06*Tu*Tu)

{ Chack quadrants )
Temp:= RealMOD( Temp,TwoPl );
IF Temp < 0.0 THEN

Tempi= Temp + TwoPl,

GSTim0:= Temp;

eND; { Function G8Tiam0 }




PROCEDURE LSTIME
This procedure f£inds the Local Sidersal time at a given location.
Algorithm ¢ Find GST through the routine
Find LST and check for size and quadrant

Author : Capt Dave Vallado USAFA/DFAS 719~472-4109 12 Aug 1988
Inputs t

Lon - Site longitude (WEST -) ~-2Pi to 2Pi rad

JD - Julian Date days from 4713 B.C.
OutPuts H

LST - Local Sidereal Time 0.0 to 2P rad

GST - Greenwich Sidereal Time 0.0 to 2Pi rad
Locals :

Nene,
Constants H

TwoPl Two times 01
Coupling s

RealMOD Real MOD function

GSTime Finds the Greenwich Sidereal Time
References :

Escobal pg. 18 - 21

Kaplan pg. 330-332

BMW pg. 99 ~100

PROCEDURE LSTime ( Lon,JD t+ Extended;
VAR LST,GST t Extended );

CONST

TwoPl : Extended = 6.28318530717959)
BEGIN

GST := GSTime( JD );
LST := Lon + GST);

{ Check quadrants }
LST := RealMOD( LST,TwoPl ))
IF LST < 0.0 THEN
L8T:= Lst + TwoPi;
END; { Procedurs Lstime )}
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PROCEDURE SUNRISESET

This procedure finds the Universal time for Sunrise and Sunset given the

day and site location.

Note the use of degrees and radlans since the

Almanac presents the algorithm in these uaits,

Algorithm

Author

Inputs
JDate
Lat
Lon
Whichkind

OutPuts
UTSunRise
UTSunSet

Locals

Constants
Rad
TwoPi
Pl

Coupling

InvJullianDay

FindDays
ArcSin
ArcCos

References

3

Capt Dave Vallado USAFA/DFAS 719-472-4109 13 Jan 1991

days from 4713 B.C,
~Pi/% to Pi/2 rad
-2Pi to 2Pi rad

Julian Date
Site latitude (SOUTH -)
8ite longitude (WEST -)

Character for which rise/set 'St IC N A
- Universal time of sunrise at lat~lon hrs
- Universal time of sunset at lat-lon hrs

.
:

3

Radians per degree

Finds the Yr Da Mn Hr Mi Se from the Julian Date
Finds the days from 1 Jan of a year

Arc sine function

Arc cosine function

Almanac For Computers 1990 pg. BS-B6
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PROCEDURE SUNRISESET { Jbate,Lat,Lon s Extended;
WhichKind : CHAR;
VAR UTSunRise, UTSunSet : Extended );

CONST

Rad : Extended = 57.29577951308230;
TwoPl : Extended = 6.28318530717959;
Pi + Extended = 3.14159265358979;

VAR
Z,t,m,1,ra,sindelta,delta,h,sec,days : Extended
year,month,day,hr,min s Integer;

BEGIN

CASE WhichKind OF
'S' 1 Z:= (90.0+50.0/60.0 )/Rad; { Sunrise / set }
‘C' 3 21= 96,0 / Rad; { civil }
'N' 3 Z3= 102.0 / Rad; { Nautical }
'A' 3 2:= 108.0 / Rad; { Astronomical }
END; { case )
InvJulianDay( JDate, Year,Month,Day,Hr,Min,Sec );
PindDays( Year,Month,Day,Hr,Min,Sec, Days );

{ Sunrise }

t := Days + (5.0 - Lon*Rad/15.0)/24.0; (days)}

M := 0,985600*t - 3.289; (Deg)

L := M + 1,916*Sin( M/Rad ) + 0.020*Sin( 2.0*M/Rad ) + 282.634; {deg)
L := RealMOD{ L,360.0 );

Ra:= ArcTan{ 0.91746*Tan(L/Rad) }; { rad }
IF Ra < 0.0 THEN
Rast= Ra + TwoPi;
IP (L > 180.0) and (Ra < Pi) THRN
Ra:= Ra + Pi;
IF (L < 180.0) and (Ra > Pi) THEN
Ra:= Ra ~ Pi;
SinDeltas= 0.39782*Sin{ L/Rad ); { rad }
Delta:= ArcSin( SinDelta ); {rad }
H:= ArcCos( (Cos(z) - SinDelta*Sin(Lat)) / (Cos{Dslta)*Cos(Lat) ) ); {rad)
H:= TwoPl - H;
t:= H*Rad/15.0 + RA*Rad/15.0 - 0.065710*t ~ 6.622;
T:= RealMOD( T, 24.0 );

UTSunRise:= T ~ Lon*Rad/15.03 {(hrs)
UTSunRlse:= RealMOD( UTSunRise, 24.0 )i
IF UTSunRise < 0.0 THEN

UTSunRise:= 24,0 + UTSunRise;

Sunaet }
Days + (18.0 ~ Lon*Rad/15.0)/24.0; { days }
0.985600*t - 3.289; (Deg)
M + 1.916%Sin( M/Rad ) + 0,020%Sin( 2.0%M/Rad ) + 282.634; {deg)
RealMOD( L,360.0 )
ArcTan( 0.91746*Tan(L/Rad) ); { rad }
a4 < 0.0 THEN
Ra:= Ra + TwoPi,
IF (L > 180.0) and (Ra < Pi) THEN
Ra:= Ra + Pl
IF (L < 180.0) and (Ra > Pi) THEN
Rai= Ra - Pl
SinDeltas= 0,39782*Sin( L/Rad ); { rad }
Deltas= ArcSin( SinDelta ); (rad
H 1= ArcCos({ (Cos(z) - SinDelta*8in(Lat)) / (Cos(Delta)*Cos(Lat) ) ); {rad}
t := H*Rad/15.0 + RA*Rad/15.0 - 0.0657)10*t - 6.622;
UTSunSet:= T - Lon*Rad/15.0; {hrs)
UTSunSet:= RealMOD( UTSunSet, 24.0 )i
IF UTSunBet < 0.0 THEN
UTSunSet:= 24.0 + utSunSet;
( END; { Procedure SunRiseSet )}
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PROCEDURE HMSTOUT
This procedure converts Hours, Minutes and Seconds into Universal Time.
Algorithm : Calculate the answer
Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
InPuts H
Hr - Hours 0 .. 24 ex, 2
Min - Minutes 0..59 ex. 39
Sec - Seconds 0.0 .. 59.99 ex. 57.29
OutPuts H
ur - Universal Time HrMin.Sec €x.239.5729
Locals 3
None.
Constants t
None.
Coupling s
None.
}
PROCEDURE HMStouT { Hr,Min t Integer:
8ec + Extended;
VAR UT s+ Extended )i
BEGIN
UT:= Hr*100.0 + Min + 8ec/100.0;
END;  { Procedure HMBtoUT )
PROCERDURE UTTOHMS
This procedure converts Universal Time into Hours, minutes and seconds.
Algorithm : Calculate the answver
Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs [ )
ur - Universal Time HrMin.Sec  @x.239.5729
outPuts 1
Hr -~ Rours 0 .. 24 ex. 2
Min -~ Hinutes 0 .. 59 oX. 39
Sec - Seconds 0.0 .. 59.99 ex. 57.29
Locals t
None.
Constants 1
None.
Coupling 3
None.
}
PROCEDURE UTtoHMS { ur + Bxtended;
VAR Hr,Min : Integer;
VAR Ssc t Rxtended );
BEGIN

Hr := TRUNC( UT/100.0 );

Mini= TRUNC( UT-Hr*100.0 )»

Sec:= FRAC( UT ) * 100.0;
END; { Procedure UTtoHMS }
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PROCEDURE HMSTORAD
This procedure converts Hours, minutes and seconds into radians. Notice
the conversion 0.2617 is simply the radian equivalent of 15 degrees.
Algorithm : Calculate the answer
Author 3 Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs :
Hr ~ Hours 0.. 24 ex. 10
Min - Minutes 0..59 oex. 15
Sec - Seconds 0.0 .. 59.99 ex. 30.00
OutPuts H
HMS -~ Result rad ex. 2.6856253
Locals H
None.
Constants H
None.
Coupling [
Hona.
}
PROCEDURE HMStoRad ( Hr,Min t Integer;
Sec t Extended;
VAR HMS + Extended };
BEGIN
HMS1= ( Hr + Min/60.0 + Sec/3600.0 )*0.261799387;
END; { Procedure HMStoRad }
PROCEDURE RADTOHMS
This procedure converts radians into Hours, minutes and seconds. Notlce
the conversion 0,2617 is simply the radian equivalent of 15 degrees.
Algorithm + Convert incoming radlans to hours
Calculate the answer
Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs :
= HMS - Result rad ex. 2,6856253
| outputs :
Hr - Hours 0 .. 24 ex. 10
Min - Minutes 0 .. 859 ex. 15
Sec ~ Seconds 0.0 .. 5v.99 ex. 30.00
Locals 3
None.
Constants
None.
Coupling H
None.
}
PROCEDURE RadtoHMS { HMS t Bxtended;
VAR Hr,Min t Integer;
VAR Sec t Extended );
BEGIN

HMS := HMS / 0.261799387;

Hr := TRUNC( HMS )i

Mini= TRURC( (HMS -Hr)*60.0 );

Sec:= (HMS -Hr-Min/60.0 ; * 3600.0;
END; { Procedure RadLoOHMS
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PROCEDURE DMSTORAD
This procedure converts Degrees, minu:es and seconds into radians.
Algorithm : Calculate the answer
Author :+ Capt Dave Vallado USAFA/DFAS 719-472-4109 25 Aug 1988
Inputs H
Deg - Degrees 0 .. 360 ex. 98
Min - Minutes 0..59 ex. 25
Sec - Seconds 0.0 .. 59.99 ex. 30.00
OutPuts :
DMS - Result rad ex. 1.717840
Locals :
None.
Constants :
Rad Degrees per Radian
Coupling :
None.
}
PROCEDURE DMStoRad ( Deg,Min t Integer;
Sec : Extended;
VAR DMS 1 Extended )3
CONST
Rad : Extended = 57.29577951308230;
BEGIN
DMS:= ( Deg + Min/60.0 + Sec/3600.0 ) / Rad;
END; { Procedure DMStoRad )
PROCEDURE RADTODMS
This procedure converts radians into Degrees, minutes and s.conds,
Algorithm : Calculate the answer
Author : Capt Dave Vallado USAFPA/DFAS 719-472-4109 12 Aug 1988
Inputs H
DNS - Result rad ex, 1.717840
Outputs t
Deg - Degrees 0 .. 360 ex. 98
Min - Minutes 0..59 ex. 25
Sec - Seconds 0.0 .. 59.99 ex. 30.00
Locals 3
None.,
Constants H
Rad Degrees per Radian
Coupling t
Hone.
}
PROCEDURE RadtoDMS ( DHS 1 Extended;
VAR Dag,Nin : Integer;
VAR Sec 1 Rxtended )»
CONST
Rad : Extended = 57.29577951308230;
BEGIN

DMS:= DMS * Rad;

Degs= TRUNC( DMS );

Min:= TRUNC({ (DHS-Deg)*60.0 ))

Sec:= (DHS-Deg-Min/60.0 ) * 3600.0,
END;  { Prccedure RadtoDAS )}
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PROCEDURE SITE

This procedure finds the position and velocity vectors for a site. The
answer is returned in the Geocentric Equatorial (IJK) coordinate system.

Algorithm t Set up constants
Find x and z values
Find position vector directly
Call cross to find the velocity vector

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H
Lat - Geodetlc Latitude -Pi/2 to Pi/2 rad
Alt - Altitude bU
LST - Local Sidereal Time -2P1 to 2Pi rad
OutPuts H
RS = IJK Site position vector pyU
vs - IJK Site velocity vector pu/Tu
Locals s
EarthRate - IJK Earth's rotation rate vector rad/Tu
SinLat - Variable containing sin( Lat ) rad
Temp ~ Temporary Extended value
® - x component of site vector oli}
z -~ z component of site vector bu
Constants H
EESqrd =~ Bccentricity of Earth's shape sqrd

OmegaBarth - Angular rotation of Rarth (Rad/TU)

Coupling :
Mag Magnitude of a vector
Cross Cross product of two vaectors
References H
Escobal pg. 26 - 29 (includes Geocentric Lat formuiation also)
Kaplan pg. 334-336
BMW pg. 94 - 98
PROCEDURE 8ite ( Lat,Alt,Lst s Bxtended;
VAR RS8,VS t Vector ]
CONST
EESqrd 1 Extended = 0.00669437999013;
OmegaBarth : Extended = 0.0588335906868878;
VAR
SinLat, Temp, x, z : Extended;
BarthRate t Vector;
BEGIN
Initialize values }
SinLat t= SIN( Lat );
Barthrate{l]:= 0.0;
Earthrate{2}:= 0.0y
Barthrate(3}:= OmagaEarth;
{ ~mmemmmee Find x and z components of site vector -——------- }
Temp := SQRT( 1.0 - ( EBSqrd*8inLat*SinLat ) )
X t= ( ( 1.0/Temp ) + Alt )*COS( Lat )y
z t= ( {(1.0-BESqrd)/Temp) + Alt )*SinLat;
{ ~—m=mmmeeeee — Pind 8ite position vector ~——--—————cmec—m- }
RS[1) := x * COS( Lst );
RS[2) 3= x * SIN( Lst );
RS(3) := 23
HAG( RS )i
{ ——eemmm e —ee Find site velocity vector -—=e-==wmw=——cee-- }

CROSS( Earthrate,RS,VS );
END; { Procedure Site }
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This procedure £

Algorithm :

Author

o

Inputs
Rho
Az
El
DRho
DAz
DEl

[ S T I I B

Outruts H
RhoVec
DRhoVec

Locals
SinEl
CosEl
SinAz
CosAz

Constants
None,

Coupling
Mag

References :
BMW

PROCEDURE RVTOPOS

inds range and velocity vectors for a satellite from a radar

site in the Topocentric Hori~on (SEZ) system.

Assign teamp values to limit number of trig operations
Find SEZ position vector and magnitude directly
Find SEZ velocity vector and magnitude directly

Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Satellite range from site DU

Azimuth 0.0 to 2Pi rad
Elevation ~Pi/2 to Pi/2 rad
Range Rate DU / TU

Azimuth Rate rad / TU
Elevation rate rad / TV

SEZ Satelilite range vector oli)

SEZ Satellite velocity vector by / TU

Variable for sin{ El )
Variable for cos{ Kl )
Variable for sin( Az )
Variable for cos( Az )

Magnitude of a vector

pg. 84 - 85

PROCEDURE RVTOPOS
VAR

( Rho,Az,El,DRho,DAz,DEl + Bxtended;
VAR Rhovec,DRhovec t Vector yi

SinEl, CosEl, SinAz, CosAz : Extended;

BE%IN

SinEls= SIN(El);
CosEl:= COS(El});
SinAz:= SIN(AZ);
CosAziz COS(Az};

{

Rhovec{L]) := ~Rho*CosR1*CosAz;

Rhovec(2) :=
Rhovec(3] :=
MAG( RhoVec };

{ oo Yorm SEZ velocity vector

DRhovec(l) :=
DRhovec(2] :=
DRhovec({3]} :=

Initialize values }
Porm SEZ range vector }
Rho*CosEL*8inAz;
Rho*SinEl)

-Drhio*CosELl*CosAz + Rho*SinEl*Del*CosAz + Rho*CosEl*SinAz*Dasz}
Drho*CosZl*8inAz ~ Rho*SinEl*Del*SinAz + Rho*CosEl*CosAz*Daz;
Drho*Sinkl + Rho*Del*CosEl;

MAG( DRhoVec )i
END; { Procedure RVTOPOS }
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PROCEDURE Track
This procedure finds range and velocity vectors in the Geocentric Equatorial
{IJK) system given the following input from a radar site.
Algerithm s+ Find constant values
Find SEZ vectors from RVTOPOS
Rotate to find IJK vectors
Author t Capt Dave Vallado USAFA/DPAS 719-472~4109 12 Aug 1988
Inputs :
Rho ~ Satellite range from site oli}
Az - Azimuth 0.0 to 2pPi rad
El - Blevation -Pi/2 to Pi/2 rad
DRho - Range Rate puU / TU
DAz - Azimuth Rate rad / TU
DEL - Elevation rate rad / TU
Lat - Geodetic Latitude -Pi/2 to PLi/2 rad
LST - Local SidsExtended Time -2P1 to 2Pi rad
RS ~ IJK Site position vector DU
OutPuts H
R - IJK Satelliite position vector DU
v - IJK Satellite velocity vector DU / TU
Locals t
WCrossR - Cross product result Dy /TU
RhoVec - SEZ range vector from site DU
DRhoVaec - SEZ veloclty vector from site bu /0
TempVec = Temporary vector
RhoV - IJK range vector from site DU
DRhoV =~ 1JK velocity vector froam site bu / TU
EarthRate =~ IJK Earth's rotation rate vector rad / TU
Constants s
HalfPi -
OmegaEarth - Angular rotation of Earth (Rad/TU;
Coupling H
RVTOPOS Find R and V from site in Topocentric Horizon (SEZ) syatem
Cross Cross product of two vectors
Addvec Add tvo vectors together
Rot3 Rotation about the 3rd axis
Rot2 Rotation about the 2nd axis
References 3
BHW pg. 85-89, 100-101

PROCEDURE Track

CONST
Halfpl
OmegaBarth
VAR

( Rho,Az,RBl,DRho,DAZ,DEL,

Lat,Lst
RS
VAR R,V

Extended = 1,57079632679490;
Extended =

0.058633590686v878;

+ Bxtended)
t Vector
t Vector 1]

WCrossR, RhoVec, DRhoVec, TempVec, RhoV, DRhoV, RarthRate : Vector;

BE?IN

Initialize values

- Barthrate[l):= 0.0)
Earthrate(2):= 0.0;
Barthrate(3):= OmegaBarth;

{ —=—mmememee Find SEZ range and velocity vectors —--——-—v—=-- }
RVToPOS( Rho,Az,El,DRho,DAz,DEL,RhoVec,DRhoVec );

{ —ommeemmeemn Perform SEZ to IJK transformation ==-==-==voen~- }
ROT2( RhoVec ,Lat-HalfPi, TempVec );

ROT3( TempVec, =LST , RhoV )y

ROT2( DRhoVec,Lat-HalfPi, TempVec );

ROT3( TempVec, ~LST , DRhoV )

{ = Pind IJK range and veloclity vectors ------------ )
ADDVEC( RhcV,RS,R )i

CROSS ( Barthrate,R ,WCrossk ))
ADDVEC( DRhoV,WCrosskR,V )i
END; { Procedure Track }
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PROCEDURE Razel

This procedure calculates Range Azimuth and Elevation and their rates given
the Geocentric Equatorial (IJK) Position and Velocity vectors. Notice the
value of small as it can affect rate tera calculations., (See Example #4)

Algorithm

Author
Inputs
R

v
Lat
LST
RS

Outputs
Rho
AZ
El
DRho
DAz
DEl

Locals
RhoV
DRhoV
RhoVec
DRhoVec
WCrossk
BarthRate
TempVec
Temp
Templ
i

Constants
HalfPi
Pi
OmegaBarth
Small

Coupling
Mag
Cross
Rot3
Rot2
Atan2
Dot

References
BMW

1

v

[ 2 O S NN S O NN N N A 1 5 0 8 1 1 e LI 2 I B AR

Pind constant values

Loop to find range and velocity vectors

Rotate to find SEZ vectors

Use if statments to £ind Az and El including special cases

Capt Dave *lado USAPA/DFAS 719-472-4109 27 Mar 1990

IJK Position Vector DU

1JK Velocity Vector Dy / TU

Geodetic Latitude ~-Pi/2 to Pi/2 rad
Local Sidereal Time -2Pi to Pi rad
IJX Site Position Vector by

Satellite Range from site DUs

Azimuth 0.0 to 2pPi rad
Elevation -Pi/2 to Pi/2 rad
Range Rate U/ TU

Azimuth Rate rad / TU
Elevation rate rad / TU

IJK Range Vactor from site by

IJX Velocity Vector from site bu/ TU

SEZ Range vector from site DU

SEZ Veloclty vector from site DU

Cross product result by / TU

1JK Barth's rotation rate vector rad / TU

Temporary vector
Temporary Extended value
Temporary Extended value
Index

Anyular rotatlion of Rarth (Rad/TU)
Tolerance for roundoff errors

Magnitude of a vector

Cross product of two vectors

Rotation about the 3zd axis

Rotation about the 2nd axis

Arc tangenc functlion which also resloves quadrants
Dot product of two vectors

pg. 84-89, 100-101
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}
PROCEDURE Razel ( R,V,RS 1 Vector;
Lat,Lst t+ Extended;

VAR Rho,Az,El,DRho,DAz,DEl : Extended );

CONST
HalfPi s+ Extended = 1.57079632679490;
Pi + Extended = 3.14159265358979;
OmegaBarth : Extended = 0,0588335906868878;
Small 1 Extended = 0.000001;

VAR

RhoV, DRhoV, RhoVec, DRhoVec, WCrossR, BarthRate, TempVec : Vector;
Temp, Templ : Extended;
i s Integer;

BEGIN

Initialize values }

Barthrate(l}:= 0.0
Earthrate{2]:= 0.0;
Barthrate[3):= OmegaEarth;

{ ~~==e—- rind IJK range vector from site to satellite --—--- }
CROSS( EarthRate,R,WCrossR });
FOR i1=1 to 3 DO

BEGIN
RhoV(i):= R[1]) - RS{i)y
DRhoV{1]):= V[1) - WCrossR{il:
END}
MAG{ RhoV );

Rhoi= RhoV[4);

{ ——mmemmm Convert to SBZ for calculations -=w=—c—e~—emee }
ROT3( RhoV , LST , TempVec )i

ROT2( TempVec,HalfPi-Lat, RhoVec )

ROT3( DRhoV, LST :+ TempVec )

ROT2{ TempVec,HalfPi-Lat, DRhoVec )i

{ ~=mmemmmnnee Calculate Azlmuth and Blevation e=—=e=ecccamcm- }
Temp:= SQRT( RhoVac{l)*RhoVec{l] + RhoVec(2)*RhoVec(2]) );
IF ABS( RhoVec[2) ) < 8mzll THEN
I? Temp < Small THEN
BEGIN
Templ:= SQRT( DRhoVec(l]*DRhoVec(l] + DRhoVec([2)*DRhoVec(2] )i
Az:= ATAN2( DRhoVec([2])/Templ , -DRhoVec(l])/Templ );

END
ELSE
IF RhoVec(l] > 0.0 THEN
Azi= Pl
ELSE
Az:= 0.0
ELSE

Az:= ATAN2{ RhoVec[2}/Temp , ~RhoVec{l)/Temp )

IF ( Temp < Small ) THEN

El:= HaltPl
BLSE
El:= ATAN2( RhoVec(3}/Rho , Temp/Rho )i
{ == Calculate Range, Azimuth and Elevation rates —-——-—-- }

DRho:= DOT( RhoVaec,DRhoVec ) / Rho)
IP ABS( Tamp ) » Small THEN
DAz:= ( DRhoVec{l)*RhoVec{2] ~ DRhoVec|2)*Rhovec{l) ) / (Temp*Temp)
ELSE
DAz1= 0.0}

IF ABS( Temp ) > 0.000000001 THEN
DEL1= ( DRhoVec(3] - DRho*SIN{ El ) ) / Temp
ELSB
DEl:= 0.0;
END; { Procedure Razel }
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PROCEDURE Elorb

This procedure £inds the classical orbital elements given the Geocentric
Equatorial Position and Velocity vectors. Special cases for equatorial
and clircular orbits are also handled. 1IF elements are Infinite, they
are set to 999999.9. 1If elements are Undefined, they are set to 999999.1.
Be sure to check for these during output!!

Algorithm + Initialze variables
1f the Hbar magnitude exists, continue, otherwise exit and
assign undefined values
Find vectors and values
Determine the type of orbit with IF statements

Find angles depending on the orbit type -

Author : Capt Dave Vallado USAFA/DPAS 719-472-4109 20 Sep 1990
Inpute H

R - IJX Posltion vector DU

v - IJK Velocity vector pu / TV v
Outputs H

P ~ Semi-latus rectum bU

A - semi-major axis Dy

E ~ eccentricity

Inc - inclinatlon 0.0 to Pi rad

Omaga - Longitude of Ascending Node 0.0 to 2P} rad

Argp - Argument of Perigee 0.0 to 2Pl rad

Nu - True anomaly 0.0 to 2Pi rad

M - Mean anomaly 0.0 to 2Pi rad

U -~ Argument of Latlitude (CI) 0.0 to 2P{ rad

L - Trus Longltude {CR) 0.0 to 2Pi rad

CapPi - Longltude of Perlapsis (ER) 0.0 to 2Pl rad
Locals H .

Hbar - Angular Momsntum H Vector pu2 / TU

Ebar - Recentriclty E Vector

Nbar =~ Line of Nodes N Vector

cl - V**2 - uy/R

RDotV - RDotV

cl - Hk unit vector

SHE ~ Specfic Mechanical Energy Du2 / TU2

1 = index

E - Eccentric Anowmaly rad

D - Parabolic Eccentric Anomaly rad

P - Hyperbollc Xccentric Anomaly rad

Temp - Temporary variable

TypeOrbit - Type of orbit EE, EI, CK, CI
Constants H

Halfpi -

31 -

TwoPl -

Infinite ~ Flag for an infintite element

Undetined =~ Flag for an undefined c¢lement

Small - Tolerance for roundoff errors
Coupling H

MAG Magnitude of a vector

CROSS Cross product of two vectors

DoT DOT product of two vectors

ArcCos Arc Cosine function .

ArcCosh Inverse Hyparbtolic cosine function

Sinh Hyperbolic 8ine functlon

Sgn ~1.0 or 1,0 depending on the sign

Angle Pind the angle betwesn two vectors
References : -

BMW pg. 58 - 71, 181-188

Escobal Pg. 104-107

Raplan pg. 29 - 37
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}
PROCEDURE Elorb ( R,V s Vector;
i VAR P,A,Ecc,Inc,Omega,Argp,

L Nu,M,U,L,CapPi : Extended );
. CONST
. Halfpi ; Extended = 1.57079632679490;
3 P : Bxtended = 3.14159265358979;
TwoP1 : Extended = 6.,28318530717959;
Small + Bxtended = 0.000001;
Infinite : Extended = 999999.9;
Undefined: Extended = 999999.1;

VAR

3 cl, RDotV, c3, SME, Temp, 2, D, E : Extended)
Hbar, Ebar, Nbar t Vector;
3 i s Intsger;
. TypeOrbit ¢+ String{2);
4 BEGIN
~ Initialize values )
MAG( R )
MAG( V )3
o { Find H N and E vectors ———-em——e=nccwa- }

CROSS( R,V,Hbar );

A IF HBar[4) > Small THEN

) BEGIN

- Nbar(1)s= -Hbar{2});

) Nbar(2):= Hbar[1l);

Nbar[3):= 0.0;

MAG( Nbar )

cl 1= V{4)*V(4) - 1.0/R[4);

RbotV:= DOT( R,V )3

FOR i:= 1 to 3 DO
Ebar(i}:= cl*R(1) - RDotv*V{i],

MAG( Ebar )y

TR

TR

3 { ~m=mmmmmmmmeeme Find a ¢ and semi-latus rectum ——-—-=—=w-- }
: SHEs= ( V{4]}*V[4)/2.0 ) ~ { 1.0/R(4) )
IF ABS( SME ) > Small THEN

A= -1.0 / (2.0*SMHE)

: ELSE
: A= Infirite; { parabola }
3 Bcci= Ebar(4]);

P 1= HBar{4)*HBar{4);

i { Pind inclination }
4 ¢3:= HBar(3)/HBar(4);
IFP ABS( ABS(c3) - 1.0 ) < Small THEN
IF ABS(HBar{3]) > 0.0 THRM
{ —=mmemmene Equatorial Orblts ====ecmmccwee }
c3:= SGN(HBar{3)) * 1.0y
3 Inc:= ARCCOS( €3 )

4 { ~==mmmemm Determine type of orbit for later uge ----=<-c—w- }
]
3 { --- Blliptical, Parabolic, Hyperbolic Inclined --- }
3 TypeOrbit:= 'Bl';
IF Bcc < Small THEN
{ ~——mmmeemene Circular Bquatorial =-——e——=ee——es }
2 IF { Inc < Small ) or { ABS(Inc-Pi) < Small ) THEN
S TypeOrbit:= ‘CE'
3 ELSE
1 { ~mommmmmmeem Clrcular Inclingd  =——===-m—-—c—ae }
TypeOrbit:= ‘CI'
ELSE
- { -- Blliptical, Parabolic, Hyperbolic Equatorial -- }

IF ( Inc < Small ) or ( ABS(Inc-Pl) < Small ) THEN
TypeOrbit:= 'EE';
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{ ~~mmmmmmmee Find Longitude of Aacending Node -==—=w=—v—====
IF NBar(4) > Small THEN
BEGIN
Temps= Nbar{l] / NBar[4);
IF ABS(Temp) > 1.0 THEN
Temps= SGN(Temp) * 1.0;
Omega:=~ ARCCOS( Temp )}
IF NBar{2) < 0.0 THEN
Omgga:= TwoPl ~ Omega;
END
ELSE
Omegas= Undefined;

{ rind Argument of perigee
IF TypeOrbit = 'EI' THEN
BEGIN
ANGLE( Nbar,EBbar, Argp ):
IP EBar{3) < 0.0 THEN
Argp:= TwoPi ~ Argp:

END
ELSE
Argp:= Undefined;

LR e Find True Anomaly at Epoch — --=mommmmmommes
IF TypeOrbit{l) = 'E' THEN
BEGIN
ANGLE( Bbar,r, Nu )y
IF RDotV < 0.0 THEN
Nuz= TwoPl ~ Nuj
END
ELSE
Nui= Undefined;

{ === Find Argument of Latitude - Circular Inclined ~--—--
IF TypeOrbit = 'CI' THEN
BEGIN
ANGLE( NBar,R, u )
IF R{3) < 0.0 THRN
Usz PMwoPl - Uy
END
BLSE
Utz Undefinad)

{ ---- Pind Longituda of Perigee - Elliptical Equatorial -=---
IF ( EBar(4) > Small ) and { TypeOrbit = 'EE' ) THEN
BEGIN
Temp:= Ebar(l)/kRar{4]y
IF ABS(Temp) > 1.0 THEN
Tempt= SGN(Temp) * 1.0}
CapPii= ARCCOS( Temp )}
IF Ebar{2} < 0,0 THEN
CapPi:= TwoPi - CapPi;
IP Inc > HalfPl THEN
CupPii= TwoPl - CapPl;
END
ELSE
CapPi:= Undefined;

{ —=~~mem Pind True Longitude ~ Clrcular Equatorial —=—w=---=
1IF ( R{4) > Small ) and ( TypeOrbit = 'CE' ) THEN
BEGIN
Temp:= R{1)/R[4]);
IF ABS(Temp) > 1.0 THEN
Temp:= SGN({Temp) * 1.0
L:= ARCCOS( Teup ):
IF R{2)} < 0.0 THEN
L:= TwoPi - Iy
IF Inc > HaltPi THEN
L= TwoPl - Lj
END
ELSE
L:= Undefined;
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{ ——mmmmm———— Find Mean Anomaly for all orbits =~——=—w--——-- }

Hyperbolic }

IF (Ecc
BEGIN
Pi=
M:=
END
ELSE

-1,0) > Small THEN

ArcCosH( (Ecct+Cos(Nu)) / {(L.0+Bcc*Cos(Nu)) );
Bec*Sinh( P ) ~ PF;

Parabolic }

IF ABS( Ecc-1.0 ) < 8mall THEN

EGIN
D:= SQRT( p ) % Qan{ Nu );
M:= (1,0/6.0)*( 3.0*p*D + D*D*D );

END
ELSE

Elliptical }
IF Ecc > Small THEN
BEGIN
Temp:= 1,0 + acc*Cos(Nu);
IF ABS(Temp) < Small THEN
M:= 0.0
ELSE
BEGIN
cls= ( SQRT(1.0-Ecc*Bcc)*Sin(Nu) ) / Temp;
cli1= ( EccitCos(Nu) ) / Temp;
IF ABS(cl) > 1.0 THEN
cl:= SGN(cl) * 1.0
IF ABS(c3) > 1.0 THMEN
c33= 8GN({c3) * 1,0
E:1= ATan2{ cl,¢3 );
M:= R - Beet8in( K )y
END;
END
ELSE

Clrcular }

IF TypeOrbit = ‘CE' THEN
Mi= L
ELSE
M:= U;

M:= REALMOD( M,TwoPi ))

IF M <
M=

0.0 THEN
M + TwoPi;

IF Show = 'Y' THEN

BEGIN
wri
Wri
Wri
Wri
wri

END;

ten( 'H = ‘';6,Hbar{l):113:7,Hbar(2):14:7,Hbar(3):14:7,Hbar(4):14:7 );
teln{ ‘N = *36,Nbar{1):113:7,Nbar{2):14:7,Nbar(3):14:7,Nbar{4)114:7 ),
teln( ‘E = ':6,Bbar(1):113:7,Rbar(2):24:7,Bbar{3]:14:7,Bbar[4):04:7 );
teLn( 'SME='16,89ME:13:7,' DU2/TU2' )

teln( 'TypeOrbit = ',TypeOrblt:3 );

IF Show = 'S' THEN
BEGIN

Wri
Wri
wril
Wri
wri
END;

END { 1if
ELSE
BEGIN
P 1=
A 1=
Ece :=
Inc =
Omegai=
Argp =
Nu 1=
M 1=
U 1=
1 1=
CapPli:=
END;

END; { Proced

teln( PileOut,'H = *16,Hbar(1):13:17,Hbar{2]):14:7,Hbar(31:14:7,Hbar(4):14:7
teLn( FileOut,'N = '16,Nbar{1}113:7,Nbar{2):124:7,Nbar(3):14:7,Nbar(4):14:7
teln( PlleOut,'® = *16,Ebar{l):13:7,8bar(2):14:7,Rbar{3):14:7,Bbar{4):14:7
teLn( FlleOut,'SHME='16,5ME313:7,' DU2/TU2' );

teLn( FlleOut,'TypeOrbit = ',TypeOrbit:3 );

Hbar{4) > 0 the orbit is possible }

Undefined;
Undefined;
Undefined;
Undefined;
Undef ined;
Undefined;
Undefined;
Undefined;
Undefined;
Undefined;
Undeflined;

ure Elorb }
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PROCEDURE RandV

This procadure finds the position and velocity vectors in Geocentric
Equatorial (IJK) system given the classical orbit elements. NOTICE
P is used for calculations and that semi-major axis a, is not. This
convention allows parabolic orbits to be treated as well as the othe:
conic sections, Notlce the special cases lsave Argp. Omega and Nu equal
to zero, rather than setting them to some large number as a flag for
infinite or undefined. This allows the routine to process different types
of orbits with ONE transformation matrix since zeros will leave the vectors
unchanged during that phase of the transformation.

Algorithm s Select the type of orbit through IF statements
and assign Omega, Argp, and Nu
Although these values change, they are NOT passed back
Find the POW position and veocity vectors
Rotate by 3-1~3 to IJK. Order is important

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
Inputs H
P ~ Semi-latus rectum Dy
E - eccentricity 0.0 to ...
Inc - inclination 0.0 to P{ rad
Omega - Longitude of Ascending Node 0.0 to 2Pi rad
Argp -~ Argument of Periges 0.0 to 2Pi rad
Nu = True anomaly 0.0 to 2Pl rad
i - Argument of Latitude (CI) 0.0 to 2Pi rad
L -~ True Longitude (CcE) 0.0 to 2pi rad
CapPl - Longitude of Periapsis (BB) 0.0 to 2Pi rad
Outputs t
R ~ IJK Positlon vector Dy
v ~ 1JK Velocity vector DU / TU
Locails H
Temp ~ Temporary Extended value
Rpgw ~ PQW Position vector DU
Vpgw ~ PQW Velocity vector DU / TU
TempVec -~ PQW Velocity vector
Constants 3
Pl
Small - Tolerance for roundoff errors
Coupling 3
MAG Magnltude of a vector
ROT3 Rotation about the 3rd axis
ROT1 Rotation about the 1lst axls
References :
BMW pg. 71-73, 80-83
Escobal pg. 68-83
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}
PROCEDURE RandV ( E,E,Inc,Omega,Argp,Nu,
U,L,CapPi ¢+ Extended;
VAR R,V s Vector )3
CONST
Pi s Extended = 3.14159265358979;

Small; Extended = 0.000001;
VAR

Temp 1+ Extended;

Rpaw, Vpgw, TempVec : Vector:
BE%IN

| Determine what type of orbit is involved and set up the
| set up angles for the special cases.

IF E < SMALL THEN
{ ~emmememee Circular Equatorial =——=—=w——e- }
IF ( Inc < Small ) or ( ABS(Inc - Pi) < Small ) THEN
BEGIN
Argp := 0.0;
Omegas= 0.0;
Nu 1= L;

BEGIN
Argp:= 0.0;
Nu := Uy
END
ELSE
{ ~=mmemmeee Elliptical Bquatorial =—-—-——=---- }
IF { Inc < Small ) or ( ABS(Inc - Pi) < Small ) THEN
BEGIN
Argp := Cappl;
Omega:= 0.0
END;

{ ~=mmmmee Form PQW position and velocity vectors =-——w=-=--= }
Temp:= P / (1.0 + E*COS(NU)))

Rpgw{l)s= Temp*COS(NU))

Rpqw(2):= Temp*SIN(NU);

Rpgw(3]:= 0.0;

vpgw(l]:= =SIN(NU) / SQRT(P);

Vpqw(2lt= (E + COS(NU)) / SQRT(P);

Vpgw(3):= 0.0;

MAG( Rpgw )i

MAG( Vpqw )

{ m=momemeomemen Perform transformation to IJK =--=————w-———v )
ROT3( Rpqw 1 ~Argp , TempVec );
ROT1( TempVec, -Inc , TempVec );
ROT3( TempVec, -Omega, R )

ROT3( Vpqw + —Argp , TempVec );

ROT1( TempVec, -Inc , TempVec )}

ROT3( TempVec, ~Omega, v »
END; { Procedure RandVv }
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PROCEDURE GIBBS

This procedure performs the Gibbs method of orbit determination. This
method determines the velocity at the middle point of the 3 glven position

vectors.

Sevoral filags are passed back.

Flt = 0 ok
Flt = 1 not coplanar
Flt = 2 orbit impossible

The Gibbs method is best suited for coplanar, sequential position vectors
which are more than about 10 deg apart. Notice the angle is passed back
s0 the user may make a decision about the accuracy of the calculations as
vectors which are 120 deg apart may be accurate, while vectors 8 deg
apart would not. The method will calculate the resulting veloclity using
the vectors IN THE ORDER GIVEN. IF the calculations are not possible,

V2 is set to 0.0, Notice a 1 deg tolerance is allowed for the coplanar

check.

Algorithm

Author

Inputs
Rl
R2
R3

QutPuts
v2
Theta
Plt

Locals
tover2
1
Smal)
rlmr2
r3mrl
ramr3

owusoaLaT

Thetal
PN
R1N
dn

nn

i

Constants
None.

Coupling
MAG

CROSS
DOT
ADD3VEC
LNCOM2
LNCOM3
NORM
ANGLE

References
BMW
Escobal

-

L I T B

LI B S

This is necessary to allow for noisy data in the estimation project.

Initialize values including the answer

rind if the vectors are coplanar, else set a flag
Check that the orbit is possible, else set a flag
Find the largest angle between the vectors
Calculate the answer

Capt Dave Vallado USAFA/DFAS 719-472-4109 28 Mar 1990

IJK Poalition vector #1 DU
IJK Positlion vector #2 DU
IJK Position vector #3 DU
IJK Velocity Vector for R2 DU / TU
Angle betwsen vectors rad
Flag indicating success 0,1, 2

Tolerance for roundoff errors
Magnitude of rl ~ r2

Magnitude of r3 -~ rl
Magnitude of r2 - r3
P Vector r2 x r3
Q Vactor r3 xrl
W Vector rl x r2
D Vectorx ptqtw

N Vector (rl)p + (r2)q + (r3)w

S Vector {r2-r3)rl+(x3-rl)r2+(rl-r2)r3

B Vector 4 xr2

Temporary angle between the vectors rad
P Unit Vector

Rl Unit Vector

D Unit Vector

N Unit Vectox

index

Magnitude of a vector

Cross product of two vectors

Dot product of two vectors

Add three vectors

Hultiply two vectors by two conatants

Add three vectors each multiplied by a constant
Creates a Unit Vector

Angle between two vectors

pg. 109-116
pg. 306-307
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Rheacs

: PROCEDURE GIBBS ( R1,R2,R3 ¢ Vector;
3 VAR V2 t Vector;
5 VAR Theta t Extended;
L VAR f1lt 1 Integer );
A VAR
: tover2, 1, Small, rimr2, r3mrl, r2mr3, Thetal + Extended;
X p: g, w, d, n, s, b, Pn, RIN,Dn,nn t Vector;
2 i : Integer;
3 BEGIN

Initialize values }
3 Small:= 0.000001; Thetas= 0,03 Flt 1= ()
3 Mag( RL )3 Mag( R2 ); Hag( R3 );
3 FOR i:=21 to 4 DO
y v2(i):= 0.0;

s Determine if the vectors are coplanar. The DOT product of Rl and the
3 normal vector of R2 and R3 will be 0 if all three vectors are coplanar.
» The Vectors are normalized to accept very small and very large

1 vectors. The magnitudes are left out of the DOT product equation :
S rln dot pn = rln pn Cos() t+ since each vector is normalized, so the
3 magnitudes are 1.0, A 1l deg tolerance 1s allowed for estimation, and

is implemented by allowing the angle between Rln and Pn to range from
89.0 to 91.0 deg, or Cos(89.0) = 0.017452406. }

T T T

CROSS( R2,R3,P );
: CROSS( R3,RL,Q );
F CROSS( R1,R2,W );
- NORM( P,BN );
NORM{ R1,R1N };
: IF ABS( DOT(RLN,PN) ) > 0.017452406 THEN { Not coplanar }
i Flti= 1
ELSE
BEGIN
4 ADD3VEC( P,Q,W,D );
LNCOM3( R1[{4),R2(4),R3[4),P,Q,W,N )
, NORM( N,NN );
4 NORM( D,DN );

i ik

{
| Determine if the orblt is possible. Both D and N must be in
| the same direction, =ud non-zero.

}

IF ( ABS(d(4))<Small ) or ( ABS(nf[4))<Small ) or
X { bot(nn,dn) < Small ) THEN
: Flti= 2 { orbit not possible }
‘ ELSE
BEGIN

Angle( R1,R2, Theta );

Angle( R2,R3, Thetal ))

IF Thetal > Theta THEN

Theta:= Thetal)

st

3 { —mommoemene Perform Gibbs method to find V2 —wm—e-wem—mwe }
H Rlmr2:= R1(4}-R2(4},
. R3mrl:= R3(4)~R1{4];
R2mr3:= R2{4])-R3{4)y
LNCOH3(R1m:2,R3mIl:R2m:3;R3,R2.R1,S);
CROSS( d,rx2,b )
L 1= 1.0 / Sqrt{d{4)*n[4));
Tover2:= L / R2(4);
LNCOM2(Tover2,L,B,S,V2);

END;

END;
{) P ( show = 'Y') and ( Flt = 0 ) THEN
(} BEGIN
{} WriteLn( 'P vector = '116,P{1}:19:3,P[2):9:3,P[3):9:3 );
{} WriteLn( 'Q vector = '116,0{1):9:3,0(2):9:3,Q(3}):9:3 )
{} WriteLn( 'W vector = ':16,W[1):913,W(2)19:3,W(3):9:3 );
{} WriteLn( 'D vector = *116,D{1):9:3,D{2}19:3,D[3):9:3 )
{) WriteLn( 'N vector = *316,N{1):9:3,N(2):9:3,N[3]19:3 );
{} WriteLn( 'S vector = *116,5(1):19:3,8{2):9:3,8(3):9:3 )
(} WriteLn( 'B vector = '$16,B(1):9:3,B{2):9:3,B(3):9:3 );
{} END;
( eEND; { Procedure Gibbs }
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PROCBDURE HERRGIBBS

This procedure implements the Herrick-Gibbs approximation for orbit
determination, and finds the middle velocity vector for the 3 given
position vectors. The method {s good for fast calculations and small
angles, <= 10 deg. Notice the angle is passed back since vectors which
are 12 deg apart may actually be accurate, while vectors which are 170 deg
apart would not. The observations MUST be sequential and taken on one
revolution. The Use of Julian Dates for input makes it much easier to
perform calculations where the sights occur around midnight. Several
flags are passed back:

Flt = 0 ok
Flt = 1 orbits not coplanar
Flt = 2 angles bhewteen the vectors are larger than 10 deg

Notice a 1 deg tolerance is allowed for the coplanar check. This is

necessary to allow for nolsy data in the estimation project.

Algorithm : Initialize values including the answer
Find if the vectors are coplanar, else set a flag
Find the largest angle betwsen the vectors
Calculate the Taylor series for the answer
Author t Capt Dave Vallado USAFA/DFAS 719-472~4109 28 Mar 1990
Inputs $
R1 - IJK Position vector §i DU
R2 - 1JK Positlon vector #2 DU
R3 - IJK Position vector ¢3 DU
JD1 - Jullian Date of 1lst slighting days from 4713 B.C.
JD2 - Jullan Date of 2nd sighting days from 4713 B.C.
JD3 - Jullan Date of 3rd sighting days from 4713 B.C.
CutPuts :
v2 - 1JK Veloclty Vector for R2 by / TU
Theta - Angle between vectors rad
Flt ~ Flag indicating success 0,1, 2
Locals H
de21 ~ time delta between rl and r2 TU
dt3l - time delta between r3 and rl TU
at32 - time delta between r3 and r2 TU
P - P vector r2 x r3
PN - P Unit Vector
RIN - Rl Unit Vector
{ Thetal - temporary Angle between vactors rad
i TolAngle - Tolerance angle (10 deg) rad
| Terml - Pirst Term for HGibbs expansion
[ Term? - 8econd Term for HGibbs expansion
| Torm3 - Third Term for HGibbs expansion
i - Index
Constants H
TUMin -~ Minutes in each Time Unit 13,44685108204
Coupling H
MAG Magnitude of a vector
CROSS Cross product of two vactors

por Dot product of two vectors

ArcCos Arc Cosine function
NORM Creates a Unit Vector
LNCOM3 Cuombination of three scalars and three vectors
ANGLE Angle between two vectors
References H
Escobal pg. 254~256, 304-306
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PROCEDURE HerrGibbs ( R1,R2,R3

t1 Vector;

Jpl,Jp2,JD3 : Rxtended;
VAR V2 : Vector;
VAR Theta s Extended;
VAR Flt : Integer )

CONST

TUMin : Extended = 13.44685108204;
VAR

dt2l, at3l, dt32, Terml,Term2,Term3,Thetal,TolAngle: Extended;
p: Pn, Rln t Vector)
i : Integer;

BEG%N

Initialize values }

Fl1t = 03
Theta:= 0.0;
' Mag( Rl )3
Mag( R2 );
Mag( R3 )i
FOR {:= 1 to 4 DO
v2{1):= 0.0;
- TolAngle:= 0.174532925;
DT21:= (JD2-JD1)*1440.0/TUMin;
DT31l:= (JD3-JD1)*1440.0/TUMin; { differences in times }
DT32:= (JD3-JD2)*1440.0/TUMin;

Determine If the vectors are coplanar. The DOT product of Rl and the
normal vector of R2 and R3 will be 0 if all three vectors are coplanar.
The Vectors are normalized to accept very small and very large
vectors. The magnitudas are left ocut of the DOT product equation H
rln dot pn = rln pn Cos() ¢t since esach vector is normalized, so the
magnlitudes are 1.0. A 1 deg tolerance is allowed for estimation, and
is implemented by allowing the angle between Rln and Pn to range from
89.0 to 91.0 dog, or Cos(89.0) = 0.017452406. }

CROSS( R2,R3,P );

NORM( P,PN );

NORM( R1,RIN );

IF ABS({ DOT(RIN,PN) ) > 0.017452406 THEN { Mot coplanar }
Flt:= )

ELSE
‘ll" BEGIN

{
, Check the size of the angles between the three position vectors.
|

Herrick Gibbs only gives ‘reason-.ble" answers when the
positlon vectors are rsasonably close. 10 deg is only an osglmato.

Angle( R1,R2, Theta );

hngle( R2,R3, Thetal ),

IPF Thetal > Theta THEN
Theta:= Thetal;

IF Theta > TolAngle TH®N
Flti= 2;

{ ~mmmmemceeeae Perform Herrick-Gibbs method to find V2 =~~—-—-- }

Terml:= -dt32%( 1.0/(dt21*dt31) + 1.0/(12%rl(4]}*r)(4)*rl(4])) );
Term2:= (dt32-dt2l)*( 1.0/(dt21*dt32) + 1.0/(1l2*r2(4)*r2(4)*r2{4}) );:
Term3:= dt2l*{ 1.0/(dt32*3dt31) + 1.0/(12%r3(4)*x3{4)*r3{4])) )»
LNCOM3( Terml,Term2,Term3,Rl,R2,R3, V2 )3

END) ( if not coplanar )

eND; { Procedure HerrGibbs }
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Algorithm

Author

Inputs
ZNew

Outputs
CNew
SNew

Locals
ZNewSqrd
ZNewFrth
Sqrt2

Constants
None.

Coupling
None.

References
BMW
Kaplan

PROCEDURE FINDCandS

Variable calculations.
terms to eliminate potential discontinuitles.
negative values of Z since the truncation results in rather large errors
as 2 gets larger than about 10.0.

This procedure calculates the C and S functions for use in the Universal

NOTE equality is handled by the series expansion

The series is only used for

: If 2 is greater than zero, use the exact formulae else

use the

series form

: Capt Dave Vallado USAFA/DFAS 719-472-4109 30 Jan 1991

- Z variable

1L

L I B

C function
S function

ZNew squar

ZNew to the fourth power

Square roo

pg. 207-21
pg. 304-30

value
value

od

t of ZNew

0 (Complete graph of S and C)

5

PROCEDURE FindCandS

VAR

ZNewFrth,ZNewsqrd, Sqrt2 : RExtended;

BEGIN

IF 2New > 0,0 THEN

BEGIN

BEGIN
2NewSqrd
ZNewFrth
CNew

SNew

END;

SQRT( Znew

(1.0-CO8( SqrtZ )) / ZNew;

{ ZNew

VAR CNew, SNew

)

+ Extended;
: Extended );

(Sqrtz-SIN{ SqrtZ )) / ( Sqrt2*sqrtZ*Sqrtz );

t= ZHew*ZNe
1= ZNewSqrd
1= 0.5

w)
*ZNawSqrd;

-~ ZNew/24.0 + 2NewsSqrd/720.0

~ (ZNewSqgrd*2ZNew)/40320.0

+ 2NewPrth/3628800.0 - ZNewFrth*ZNew/479001600.0;
+= 1,0/6.0 - ZNew/120.0 + ZNewSqrd/5040.0 - (ZNewSqrd*2ZNew)/362880.0
+ ZNewPrth/39916800.0 — ZNewPrth*ZNew/6227020800.0;

END; { Procedure FindCands }

(
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PROCEDURE NEWTONR
This procedure performs the Newton Rhapson iteration to find the
Eccentric Anomaly given the Mean anomaly. The True Anomsly is also
calculated.
Algorithm s Setup the first guess
Loop while the answer has not converged
Write an error if the answer doesn't converge
Find the True Anomaly using ATAN2 to resolve quadrants
Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs :
e - Bccentricity 0.0 - 1.0
M ~ Mean Anomaly 0.0 - 2P} rad
Outputs H
EO - Eccentric Anomaly 0.0 - 2Pl rad
Nu - True Anomaly 0.0 - 2P} rad
Locals 1
El - Eccontric Anomaly, next value rad
Sinv ~ 8ine of Nu
Cosv - Cosine of Nu
Ktr - Index
Constants :
None.
Coupling :
Atan2 Arc tangent function which also resloves quadrants
Referencaes H
BMW pg. 184-186, 220-222
PROCEDURE NewtonR { BN 1 Extended;
VAR EO,Nu t Bxtended );
VAR
El, Sinv, Cosv : Zxtended,
Ker t INTRGER;
BEGIN
{ Initlalize values }
B0 = My
Ktr 1= 13
{ —~meoeme- Newton Iteration for Eccentrlc Anomaly ~----—----<- }
El:s= 80 - ( ( EO - e*SIN(BO)~m ) / ( 1.0 ~ @*COS(RD) ) )s
YHILE ( ABS(EL-£E0) > 0.0000001 ) and ( Ktr <= 20 )} DO
BEGIN
E0:;= Ely
El:= BO - ( ( BO - o*SIN(EO)-m ) / ( 1.0 - e*COS(BO) ) );
INC( Ktr )
END;

IF Ktr > 20 THEN
WriteLn( 'NewtonRhapson not converged in 20 Iterations' ),

{ ~emmmmmmmeeeee FPind True Anomaly at Epnch
Sinvi= ( SQRT( 1.0-e*e ) * SIN(EL) ) / { 1.0-e*COS(ELl) );
Cosvi= ( COS{El)~-e ) / ( 1.0 - e*COS(EL) )i
NU 1= ATAN2( Sinv,Cosv ),

END; { Procedure NewtonR ;




PROCEDURE KEPLER

This procedure solves Keplers problem for orbit determination and returns a
future Geocentric Equatorial (IJK) position and velocity vector. The
solution procedure uses Universal variables.

Algorithm ¢ Initialize variables
Find size and shape parameters for all cases
Setup initial guesses with IF statemants
Loop while the time has not converged
If too many iterations, print an error
otherwise calculate the answer

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs :
Ro - 1JK Position vector - initial DU
Vo - IJK Veloclty vector - initial pu / TU
Time - Length of time to propagate ™
OutPuts H
R =~ IJK Position vector DU
v = 1JK Veloclty vector DU / TU
Locals H
4 ~ £ expression
G - g expression
FDot - £ dot expression
Gbot ~ g dot expression
X014 = 014 Universal Variable X
X01dsqrd = X014 squared
XNew =~ New Universal Variable X
XNawsqrd ~ XNew sguared
ZNew - New value of 13
CNew - C(z) function
SNew - 8(z) function
DeltaT - change in t U
TimeNew = New time TV
RDotV ~ Result of Ro dot Vo
A - Semi major axis DU
Alpha - Reciprocol 1l/a
SHE - 8pecific Mech Rnexgy by2 / TU2
Period - time period for satellite T
8 - Varlable for parabolic case
W ~ Variable for parabolic case
Terp = Temporary Extended value
i ~ index
Constants 3
HalfPi
TwoPl
Small - Tolerance for roundoff errors
Infinite ~ Flag for an indefinite slement
Coupling 3
MAG Magnitude of a vector
DoT Dot product of two vectors
REALMOD REAL MOD function
coT Cotangent function
POWER Raise a number to some power
SGN Sign of a number +1 or -1
PiadCands Pind C and 8§ functions
Tan Tangent of a value
References t
Kaplan pg. 304-308 ( Includes tirst guass for x if parabolic)

bW pg. 191-199, 203-212
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PROCEDURE Kepler { Ro,Vo t Vector;

Time s Bxtended;
VAR R,V 1 Vector )
CONST
HalfPi ¢ Extended = 1,57079632679490;
TwoPl t Bxtended = 6.28318530717959;
Small 1+ Extended = 0,000001;
Infinite : Extended = 999999.9;

VAR
¥, G, ¥Dot, GDot, DeltaT, X014, X0ldSqrd, XNew, XWewSqrd, ZNew,
CNew, SNew, TimeNew, RDotV, A, Alpha, SME, Period, 8, W, Temp : Rxtended;
i t Integer;

BEGIN
{ Initialize values }
TimeNew := -10.0;
FOR i:= 1 to 4 DO
Vii):= 0.0;
HAG( Ro )y
MAG({ Vo )1
RDotV:= NOT( Ro,Vo );
{ —m=mmmmmmem e Find SME, Alpha, and A }

SME3= ( Vol41*Vo[4)/2.0 ) - { 1.0/Rol4) )
Alphas= -SME*2,0;

IF ABS( SME ) > Small THEN { circle, ellipse, hyperbola }
A1= -1.0 / ( 2.0%"8ME )
ELSE
A= Intinite;
IF ABS( Alpha ) < Small THEN { Parabola }
Alpha:= 0.0;

{ ~=mememm e Setup initial guess for x ~ww=rme—we—————- }
{ ~——eoommme Circle and Rllipge -—-————-—mweue- }
IF Alpha >= Small THEN
BEGIN
Perlodi= TwoP{ * SQRT( POWER( ABS(A) 3.0 ) 11
IP ABS{ Time ) > ABS{ Period ) 7
Time:= RealMOD( Time,Period );
IF ABS(Alpha-1.0) > Small THEN
X01d := Time * Alpha
ELSE
{ - lst guess can't be too closs. is a circle, r=a -}
X01d1= Time*Alphat0,97)

END
ELSE
Parabola =e===eesem—e——— -}
1P ABS( Alpha ) < Small THEN
BEGIN
815 0.5 * (HalfPi - ARCTAN( 3.0*SQRT{ 1.0/POWER(RO(4],3.0) )* Time ) );
Wi= ARCTAN( POWER( TAN( 8 ) ,1.0/3.0 } )
X0ld := SQRT(Ro[4))*( 2.0%COT(2.0*W) )i
Alpha:= 0.0
END
ELSE

BEGIN
Temp:= -2.0*Time /
{ A*{ RDotV + SGN{Time)*S8QRY(~h)*(1.0-Ro[4}/a) ) )i
X0ld:= SGN( Time ) * SQRT( -A ) * Ln({ Texp )i
END;




O Ay ot g, e, o P,

ii= 1;
WHILE ( ABS( TimeNew-Time ) > 0.000001 ) and ( {1 <= 15 ) DO

BEGIN
X01dSqrd := X014*X01ld;
ZNew 1= X01dsqrd * Alpha;
£ #ind C and S functions }

FindCandS( ZNew, CNew,SNew );

{ ——ommmeeee Use a Newton iteration for new values —-—-=-——wwu- }
TimeNew := XOldSQra*Xold+SNew + RDotVAX0ld8qrd*CNew +
Ro[41%X01d%*( 1.0 - ZNew*SMew );
DeltaT := X0ld8qrd*CNevw + RDotV*X0ld*( 1.0 -~ ZNew*SNew ) +
Ro{4)*( 1.0 ~ ZNew*CNew )3

{ ~ommommeeene—e Calculate nev value for x  —~-—~==—=m=—w—m }
XNew := XOld + ( Time-TimeNew ) / Delta?)

Check if the orbit is an ellipse and xnew > 2pi SQRT(a), the step
size must be changed. This is accomplished by multiplying DeltaT
by 10.0. NOTE I! 10.0 is arbitrary, but seems to produce good
results. The idea is to keep XNew from increasing too rapidily.

—— e gy

IF (A > 0.0 ) and ( ABS(XNew)>TwoPi*SQRT(A) ) and ( SME < 0.0 ) THEN
XNew 1= X014 + ( Time~TimeNew ) / ( DeltaT*10.0 );

IF Show = 'Y' THEN
Writeln( 1:2,X014:10:5,' ',TimeNew:10:5,' ',DeltaT:10:5,' *,
XNow14035,8New: 1035 ,Clew11035,3newi1015 )
IF Show = 'S' THEN
Writeln( PileOut,1:12,X01d:10:5,' *,TimeNew:10:5,' ',DeltaT:10:5,' *,
XNew:1015,8News1035,CNews10:5,3newsL0:5 )

Inc{ I )1
X0ld 1= XNew;
END; { While finding Universal Variables }

IF { >= 15 THEN
Writeln( ' Not converged in 15 iterations ' )
ELSE
BEGIN

{ ~~—~ Calculate position and veloclity vectors at new time —--- }
ANewSqrd 1= XNew*tXNew)
P 1= 1.0 = ( XNewBQrd*CNew / Ro(4] )3
G 1= Time - XNewSqrd*XNew*3SNew)
FOR i:= 1 to 3 DO
R[1)s= P*Ro(1) + G*Vo(l]y
HAG( R )
GDhot := 1.0 - ( XNewSqrd*CNew / R([4) ),
PDot t= ( XNew / { RO[4)*R(4] } ) * ( ZNew*Snew - 1.0 );
POR i:= 1 to 3 DO
V[i):= FDot*Ro{i] + GDot*Vo[i]y
HAG( V ):
END)
END; { Procedure Kepler }
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PROCEDURE GAUSS

This procedure solves the Gauss problem of orbit determination and rsturns

the velocity vectors at each of two given position vectors. The solution
uses Universal Variables for calculation and a bissection technique for
updating 2. This method is slower than the Newton iteration dlacussed in
BMW, but it does NOT suffer problems with negative z values, and is valid
for ellipses LBSS THAN one revolution, parabolas, and Hyperbolas. Also
note the selection of small since the algorithm is very sensitive to
changes in this variable. A value of 0.001 will converge in say 10
lterations instead of 25 iterations for a value of 0.000001, and the
accuracy will differ in the 3rd-4th decimal place. I choss to keep the
higher accuracy for cases like example 13, BMW pg. 274, #5.10.

( Refer to graph on BMW pg. 235 for ranges of x. )

Algorithm t Initialize vartables and setup initial guesses

Loop while the time has not converged
If too many iterations, print an erreor
otherwise calculate the answer

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H

Rl - IJK Position vector 1 by

R2 - IJK Position vector 2 o2i ]

DM - direction of motion ‘Lt,'s'

Time - Time between Rl and R2 U
OutPuts H

vl -~ IJK Velocity vector bu / T0

v2 - IJK Velocity vector bu /T
Locals H

varA - Variable of the iteration, NOT the seml major axist

Y -

Upper ~ Upper bound for 2

Lower -~ Lower bound for 2

CosDeltaNu - Coaine of true anomaly change rad

F - £ expression

G - g expression

GDhot - g dot expression

xold ~ 01ad Universal Variable X

X01dCubed -~ X014 cubed

zZ01d - New value of z

ZNew = New value of 12

CNew - C(2) fuactlon

SNew - 8(a) function

TimeNew - Now time TU

Small - Tolerance for roundoff errors

1 - index

b - index
Constants H

TwoPl

Small - Tolerance for roundoff errors
Coupling :

MAG Magnitude of a vector

Dot Dot product of two vectors
PindCands Find C and 8 functions

References t
BHW pg. 228-241 (Uses a Naewton lteration)




}

PROCEDURE GAUSS { RL,R2 t Vector;
DM t Charj
Time + Bxtended;
VAR V1,V2 : Vector )

CONST
TWoPi + Bxtended = 6,.28318530717959;
Small + Extended = 0.000001;
VAR
varA, Y, Upper, Lower, CosDeltaNu, P, G, GDot, X0ld, XOldCubed,
7Z01d, ZNew, CNew, SNew, TimeNew : Extended;
i, 3 : Integer;
BE?IN

Initialize values }
TimeNew:= ~10.0;
KAG(R1);
MAG(R2); ’
FOR i:= 1 to 4 DO
BEGIN

END;
CosDeltaNus= DOT(R1,R2)/(RL{4)*R2(4)});
IF Dm = 'L' THEN
varA 1= =-SQRT({ R1{4}*R2{4]}*(1.0+CosDeltaNu) )
ELSE
varA := SQRT({ R1[4)*R2[4]*(1.0+CosDeltaNu) );

{ = rorm Ir.itial guesses }

Uppers= TwoPi*TwoPi; { Bounds for Z iteration }
Lower:= ~2,0*TwoPi;

{ =memmme- Determine if the orbit is possible at all -~——--—- }
IF ABS( VarA ) > Small THEN
BEGIN

Perform Gaussian Iteratlon using Unlversal Varisbles. Notice
the iteration is performed using a bissection technique instead of
a Hewton ltertion. Although the Newton iteration is quicker, the
bissection will not fall with largs negative Z values. The upper
and lower bounds are adjusted as required to kesp y from bscoming
negative. }

——— o e, s s s g,
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i1= 03
WHILE ( ABS( TimeNew-Time ) > Small ) and ( §{ <=30 ) DO
BEGIN
¥s= R1{4] + R2{4]) = ( VarA*(1,0-2013*8New)/SQRT(CNew) );

A check 18 needed for speclial cases where VarA is greater than 0.0,
It's possible that Z can become very negative, and cause the square
root in the X01d calculation to blow up. This section loops and
adjusts the upper and lower bounds until the 2ZNew value will
rasult in a + y value, The solution is to slowly update the lower
bound of Z until y is +. The 0.8* for IZNew is simply a means to lst
Z change a little slower, The ZNew equation is found by aoclving the
y equation for z when y = 0, }

IF ( VarA > 0,0 ) and ( Y < 0.0 ) THRN
BEGIN
Ji= 4
WHILE ( Y < 0.0 ) and ( § < 10 ) DO
BEGIN
2New:= 0,8*(1.0/SNew)*( 1.0 - (RL{4]+R2{4))*SQRT(CNew)/VarA

{ Pind C and 8 functions }

FindCand3( ZNew, CNew,SNew );
201d:= ZNew)
Loweri= 2014;
Yi= RL[4) + R2(4]) - ( VarA*{1.0-201d*SNew)/SQRT(CNew) };
INC( ] 1y
END;

IFP § >= 10 THEN

writeln{ ‘The Iterations failed for ¥Yn in GAUSS' );

END;

X014 t= SQRT( Y/Cew )i
X0ldCubeds= X01d*X01d*xX01d;
TimsNew 1= XO0ldCubed*8New + VarA*SQRT(Y))

e Readjust upper and lower bounds ————=w—w~v- )
IF TimeNew < Time THEN
Lower:= 201q;
IP TimeNaw > Time THEN
Upper:= 201d;
ZNew:= ( Upper+Lower ) / 2.0;
IF Show = 'Y' THEN

IF Show = 'S' THEN

o e oy g e

{ - Find C and 8 functions }
PindCandS( 2New, CNew,SNew ))
201d 1= ZNew;
Inc( 1 )y

{ =emmme Make sure the first guess isn't too close —=--—==~—- }
IP ( ABS( TimeRew — Tims ) < 8mall ) and ( §{ = 1 ) THEN
TimoNew:= -10.0;
END;  { While loop }

IF { >= 30 THEN
Write( 'Gauss not converged In 30 iterations ' )
ELSE
BEGIN

{ ~--~-- Use F and G series to find Velocity Vectors =—-—----~ }
P1=1.0~- (Y /RL[4) N
G 1= VarA*SQRT( Y );
GDhot 1= 1.0 - Y/R2(4};
FOR [:=1 to 3 DO
BEGIN
Vifi):= ( R2{i) - P*R1I{i) )/G;
v2{i}s= ( GDot*R2(1} - RIl(i]) )/Gy
END;
MAG( V1 )3
MAG({ V2 )
END; ( If the anawer has converged }
END { I¥ var A > 0.0 }
ELSE
viritelLn( ' Gauss problem cannot be solved ' );

END; { Procedure Gauss }

(

)

Writeln( $:2,201d:1035,¥:1015,X01d110:5,TimeNews10:5,Varh:7¢3,upper:9:5,lover
Writeln({ PileOut,1:2,201d:10:5,Y:10:5,X014:10:5,TimeNews10:5,VarAs7:3,upper:9




PROCEDURE IJKtoLATLON

This procedure converts a Geocentric Bgquatorial (IJK) positlon vector into

latitude and longitude.

Algorithm

Author

Inputs
R
JD

OutPuts
GeoCnLat
Lon

Locals
Rc
Helght
Alpha
OldDelta
Deltalat
GeoDtlat
TwoFMinusr2
OneMinusr2
Delta
/8qrd
SinTemp
Temp
GST
i

Constants
Pl
TwoPl
Plat
Small

Coupling
MAG

Atan2
Pover
ArcSin
GSTime
RealMOD

References
Escobal

Initialize variables

Geodetic and Geocentric latitude are found.

Find the longitude being careful to reslove the angle

Setup iteration for latitude
Loop while the deltas are not equal

Write an ervor message if the values do not converge

Capt Dave Vallado USAFA/DFAS 719-472-4109 18 Sep 19590

IJK position vector
Julian Date

- Geocentric Litituae
~ Longitude (WRBT -)

[ 70 N U T IO NN SN IR T R R BN B B

Range of site w.r.t. sarth center
Height above earth w,r.t. site

Angle fxom I axis to point, LST
Previous value of Deltalat

Diff between Dalta and Geocentric lat
Geodetic Latitude

2¢F - P aquared

(1-2) squared

Declination angle of R in IJK system
Magnitude of r squsred

Sine of Temp

Diff batween Geocentric/Geodetic lat
Greenwich 8idersal time

index

Platenning of the Earth
Tolerance

Magnitude ot a vector

pu
days from 4713 B.C.

-P1 to Pi rad
-2P1 to 2P1 rad

DU
pli)
rad
rad
rad
rad

rad
pu2
rad
rad
rad

Arc Tangent which also resolves quadrant

Raises a value to some power
Arc 8ine of a value
Greenwich 3idereal Time
Rxtendad MOD function

pg. 398-399
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PROCEDURE IJKtoLatlon (R 1 Vector;

Jo 1 Extended;
VAR GeoCnLat,Lon 1 Extended );
CONST
Pi + Extended = 2,14159265358979;

Small ¢+ Extended

0.000001;

TwoPi t+ Bxtended = 6,28318530717959;

Flat + Extended

VAR

0.003352810664747352;

Re, Height, Alpha, OldDelta, Deltalat, GeoDtLat, TwoFMinusF2, RSgrd,
OneMinusF2, Delta, SinTemp, Temp, GST : Extended;
i

1 Integer)

Initialize valuas }

BE%IN
MAG( R )y

TwoFMinus®2;=
OneMinusF2 1=

{

2,0*Plat - Plat*Flat;
POWER({ '.0-Plat,2.0 ),

¥ind Longitude value }

Temp 1= SQRT{

RI1}*R{1]) + RI2}*R(2} );

Alphas= ATan2( R{2) / Temp , R[1) / Temp );
GST := GSTIME( JD )

Lon 1= Alpha

- GST;

IF ABS(Lon) >= Pi THEN
IF Lon < 0.0 THEN

Lon:= TwoPl + Lon
ELSE
Lont= Lon - TwoPl;
{ —mememsmee e Set up initial latitude value =--——--—=ceen )

Delta s= ArcTan{ R(3) / Temp )7

IF ABS( Delta

) > Pi THEN

Deltas= RealMCD( Delta,Pi );
GeoCnlats= Delta;

Oldbeltas= 1

.0y

DeltalLat:= 10.9;
RS8qrd := R{41*R(4);

{ -—==- Iterate to find Geocentric and Geodstic Latitude =-----)}

1:= 1,

WHILE ( ABS( OldDelta - DeltaLat ) > 0.00001 ) and ( { < 10 ) DO

BEGIN

OldDelta:= Deltalat:
Re 1= SQRT( ( 1.0-TwoPMinusr2 ) /

GeoDtLat
Temp
SinTemp
Helght
DeltaLat
GeoCnLat
ING( L )y

{ 1.0—Tvoilinul!2*C08(GooCnth)*COl(GooCnth) ) )
3= ArcTan( TAN(GeoCnLat) / OneMinusF2 ),
t= GeoDtLat-GeoCnLat)
t= SIN( Temp );
1= SQRT( R8grd - RC*Rc*SinTemp*SinTemp ) - RCACOS(Temp);
t= ARCBIN( Helght*BinTemp / R[4] )3
t= Dalta - Deltalat)

END; { while )

IF { >= 10 THEN

WritelLn(

'IJKtoLa’ . 'n 4id HOT converge ' )

END; { Procedure IJKtoi..Lon }




PROCEDURE SUN

This procedure calculates the Geocentric Equatorial position vector for

the Sun given

the Julian Date. This is the low precision formula and

is valid for years from 1950 to 2050. Accuaracy of apparent coordinates
is 0,01 degrees. Notice many of the calculations are performed in
degrees, and are not changed until later. This is due to the fact that
the Almanac uses degress exclusively im their formulations.

Algorithm 3

Author H

Inputs :
Jb -

Outputs :
RSun -
RtAsc -
Decl -

Locals
Meanlong
MeanAnomaly
N

EclpLong
Obliquity

Constants
Pl
TwoPi
Rad

Coupling
RealMOD
ArcSin

References

Calculate the several values needed to find the vector
Be careful of quadrant checks

Capt Dave Vallado USAFA/DFAS 719-472-4109 25 Aug 1988
Jullian Date days from 4713 B.C.
IJK Position vector of the Sun AU

Right Ascension rad

Declination rad

Nean Longlitude

Mean anomaly

Number of days from 1l Jan 2000
Ecliptic longitude

Hean Obliquity of the RBcliptic

Degrees per radian

E:tended NMOD function

Arc 8ine function

1987 Astronomical Almanac Pg. C24
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PROCEDURE 8un ( a0 1 Extended:
VAR RSun t+ Vector;
VAR RtAsc,Decl : Extended );
CONST
Pi s Bxtended = 3,14159265358979;
TwoPi : Extended = 6.28318530717959;
Rad : Extended = 57.29577951308230;
VAR
i BEG:;anLong, MeanAnomaly, EclpLong, Obliguity, N : Extended;
{ Initialixe values }

N:= ( JD ~ 2451545.0 );

LA,

MeanLong:= 280.460 + (.9856474*N;
MeanLong:= RealMOD{ MeanlLopg,360.0 ); {deg)

ol

MeanAnomaly:= 357,528 + 0.9856003*N;
MeanAnomaly:= RealMOD( MeanAnomaly/Rad,TwoPi )3 {rad}
IF MeanAnomaly < 0.0 THEN

NeanAnomaly:= TwoPL + NeanAnomaly;

; EclpLong:= MeanLong + 1,.91.5%sin(MeanAnomaly) + 0.020*sin(2.0*NeanAnomaly);{deg}
Obliquitys= 23.439 - 0,0000004*N; {deg)

5 MeanLong := MeanlLong/Radj
IF Msanlong < 0.0 THEN
MeanLong:= TwoPl + MeanLong;
; Eclplong t= EclpLong / Rad)
Obliquitys= Obliquity / Rad)

RtAsc:= ARCTAN( Cos(Obliquity)*Tan({XclpLong) )i

3 { ---- Check that RtAsc is in the same quadrant as EclpLong --- }
S IF Eclplong < 0.0 THEN
; BclpLongs= Eclplong + TwoPl; { make sure it's in 0 to 2pi range }
IF ABS( EclpLong-RtAsc ) > P1/2.0 THEN
RtAsc:= RtAsc + 0.5*PIi*ROUND{ (RclpLong-RtAsc)/(0.5*Pi) );

3 Decl := ARCSIN( Sin(Oblliquity)*8in(EclplLecng) )

1 { === Find magnitude of SUN vector, then componants —---- }
3 RSun[4]}:= 1.00014 - 0.01671*Cos( Meaninomaly )

1 - 0.00014%Cos{ 2.0*MeanAnomaly }; { in AU's )}

RSun{1]}:= RBun(4]*Cos( BclpLong )i
RSun{2):= R8un{4]}*Cos(Obliquity)*8in(Eclplong);
RSun{3):= RSun{4]*Sin(Obliquity)*8in(Xclplong);

Rk e F W

END; { Procedure Sun }

ks
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PROCRDURE MOON

Thls procedure calculates the Geocentric Equatorial (IJK) position vector

for the moon gliven the Julian Date.
is valid for years between 1950 and 2050.

are performed in degrees.
Almanac.
with numeric coprocessors.

This is the low precision formula and
Notice many of the calculations
This coincides with the development in the

A few squations were split in two to prevent software problems

The errors sesmed to be a stack overflow problem

since the eguation is so long.

The program results are as follows:

Eclpitic Longitude 0.3 degrees
Eclpitic Latitude 0.2 degress
Horiz Parallax 0.003 degress
Distance from Rarth 0.2 DUs
Right Ascension 0.3 degrees
Declination 0.2 degress
Algorithm ¢ Find the initial quantities
Calcvlate direction cosines
Pind the position and velocity vector
Author 1 Capt Dave Vallado USAPA/DFAS 719-472-4109 25 Aug 1988
Inputs i
Jp -~ Julian Date days from 4713 B.C.
Outputs t
RMoon ~ IJK Position vector of the Moon DU
RtAsc ~ Right Ascension rad
Decl ~ Declination rad
Locals H
Eclplong ~ Ecliptic Longltude
EclpLat ~ Bclpitic Latitude
HzParal ~ Horizontal Parallax
1 ~ Geocentric Direction Cosines
- » L]
" : Lo
Tu ~ Jullian Centuries from 1 Jan 1900
X ~ Tenporary REAL variable
Constants 1
TWOP{ - 6.20318530717959
Rad - Degrees per radian §7.29577951308230
Coupling :
RealNOD Real MOD function
Arcsin Arc 8ine function
Atan2 Arc Tangent formula which resolves quadrants
References 3

1987 Astronomical Almanac Pg. D46
Explanatory Supplemxent( 1960 ) pg. 106-11l)
Roy, Orbital Motion Pg, 61-62 { Discussion of parallaxes )




}
PROCEDURE Moon ( ap s Extended;

VAR RMoon t Vector;
VAR RtAsc,Decl 1 Rxtended );
. CONST

TwoPl : Bxtended = £.28318530717959;

Rad 1+ Bxtended = 57.29577951308230;
VAR

EclplLong, Rclplat, HzParal, l,m,n,Tu,x : Extended;
BEGIN

{ Initialize values }
Tu := { JD - 2451545.0 ) / 36525.0;

X 3= 218.32 + 481267.883*Tu
+ 6.29*Sin( (134.9+477196.85*Tu)/Rad
- 1.27*8in( (259.2-413335.38*Tu)/Rad
< + 0.66*Sin( (235.7+890534.23%Tu)/Rad

EclpLong:= x + 0.21*Sin{ (269.9+954397.70*Tu)/Rad
= 0.19*8in( (357,5+ 35999.05*Tu)/Rad
~ 0.11*8in( (186.6+966404,.05*Tu)/Rad

-t et S e o

1+ { Dpeg}

EclpLat = 5.13*8in( ( 93.3+483202.03%Tu)/Rad
+ 0.28*8in{ (228.2+960400,.87*Tu)/Rad
- 0.26*84n( (318.3+ 6003.18%Tu)/Rad
- 0.17%8in( (217.6-407332.20%Tu)/Rad ); { Deg }

X 3= 0.9508 + 0.0518%Cos{ (134.9+477198.85%*Tu)/Rad );
HzParal 3= x + 0.0095*Cos( (259.2-413335.36%Tu)/Rad )
+ 0.0078%Cos( {235.7+890534.232Tu)/Rad )
+ 0,0028%Cos( (269.9+954397.70*Tu)/Rad ); { Deg }

EclpLong 1= RealMOD( EclplLong/Rad, TwoPi )i
EclpLat 3= RealMOD({ BclpLat/Rad, TwoPi )i
HzParal 1= RealMOD({ HzParal/Rad, TwoPi ):

O ——— Find the geocentric direction cosines --------- )
l;= COS( EclplLat ) * Cos( EclplLong )i

m:= 0.9175*Cos(BclpLat)*8in(Bclplong) ~ 0.3978*8in(BclpLat)s

ni= 0.3978%Cos{EclpLat)*S8in(RolpLong) + 0.9175+*8in(RclpLat)}

{ —~mmemmmmme - Calculate ¥oon position vector —=-—=wm=—w——w-- }
RMoon{4]:= 1.0/SIN( HaParal );

RMoon[l]:1= RMoon{4]*1;
RMoon[2):1= RMoon[4)*m;
RMoon[3):= RMoon{4)*n)

L Find Rt Ascension and Declination ===w~e-==ms}
RtAsci= ATan2( m,l );
Decl:= ArcSin{( n );

END; { Procedure Moon }




PROCEDURE PLANETRV

This procedure calculate the planetary ephemerides using the Epoch J2000.
The coefticients are obtained from Danbys book and provisions are left
to obtaln Hellocentric Equatorial, or Heliocentric Ecliptic coordinates.
Notice the ephemeris presents data wrt the solar aquator.

Algorithm : Use a case statement to assign each planets values
Pind the vectors

Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 4 Peb 1990
Inputs H

Planethum
Jp

Number of planet 1..9
Julian Date days from 4713 B.C.

OQutPuts H
R
v

XY7 position vector AU
XYZ veloclty vector h¢ / TU

Locals
u
1
cappil
TV
N
obliquity
a

]

o4

inc
omega
argp
nu

m
LLong
LongP
el

LI T O O N N IO A O SO IO IO N N A AN B

Constants 3
TwoPl -
Rad

Degrees per radian

Coupling :
RealMOD
NewtonR
RandV

Refarences 3
Danby pg. 427-429
Escobal(2) p3. 261-270
Ascronomical Almanac pg E2-B4

PROCEDURE PlanetRV { PlanetNum 1+ Integer;
JD + Extended;
VAR R,V . + Vector )i
CONST
TwoPl : Extended = 6.28318530717959;
Rad + Bxtended = 57,25577951308230;
VAR
TUDaySun,u,l,cappi,Tu,n,obliquity,a,e,p,inc,omega,argp,nu,
llong,longp,m,e0 + Bxtended;
i : Integer;
BEGIN

Tu 3= | JD - 2451545.0 ) / 36525.0;
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CASE
1:

2

33

4:

5

62

81

92

END;

PlanetNum OF

BEGIN { ~—————m—wee Mercury ——=~=—-—- }
LongPs:= 1.3518643 + 0.0271656*Tu
Omega:= 0.8435332 + 0.0207029*Tu
Inc 3= 0.1222601 + 0.0000318%*Tu
e 1= 0.2056318 + 0.0000204*7Tu
LLong:= 4.4026098 +2608.8147071*Tu
a 1= 0.3871035;

END)

BEGIN { ——-——cwemee Vonus —=—me———— }
LongP:= 2.2962199 + 0.0244734*Tu
omegas= 1.3383171 + 0.0157275*Tu
Inc 3= 0.0592480 + 0.0000175*Tu
@ 3= 0.0067719 - 0.0000478%Tu;
LLong:= 3.1761467 +1021,3529430%*Tu
a 1= 0.7233074;

END;

BEGIN { ——=~==mmmen Earth =-=------e }
LongPs= 1.7965956 + 0.,0300116*Tu
Onegas= 0.0000000;

Inc = 0.0000000;
e 1= 0.0167086 ~ 0.0000420%*7u;
LLong:= 17.4614336 + 628.3319667*Tu
a 1= 1.0000116;

END;

BEGIN { Mars }
LongP:= 5.8653576 + 0.0321323%*Tu
Omegai= 0.8649519 + 0,0134756*Tu
Inc = 0.0322838 - 0.0000105%*Tu
° 1= 0.0934006 + 0.0000905*Tu
LLongs= 6.2034809 + 334.0856279*Tu
a 1= 1.5237107

END)

BEGIN { —=-~we—mm=—m Jupiter ——-—=-==v- }
LongP:= 6.5333138 + 0.0281458*Tu
Omega:= 1,7534353 + 0,0178190*Tu
Inc = 0.0227464 -~ 0.0000959*Tu
[ 1= 0.0484949 + 0.0001632*Ty
LLongt= 0.5995465 + 52.9934808*Tu
a t= 5.2102156;

END;

BEGIN { —-—=-r~=w=m-e- saturn ===-=e-—- }
LongPi= 1,6241473 + 0.0342741*Tu0
Omegat= 1,9838376 + 0,0153082*Tu
Inc 1= 0.043439) - 0,0000652¢Tu
[] 1= 0.0555086 -~ 0.0003468%Tu
LLong:= 0.8740168 + 21.3542956*Tu
a 1= 9.5380701,

END;

BEGIN { =--=-—-m——w Uranus -—-~===-=- }
LongP3= 3.0195096 + 0.0259422*Tu
Omagai= 1.2916474 + 0.0090954*Tu
Inc = 0.0134948 + 0.0000135%Tu
e 1= 0,0462959 - 0.0000273*Tu
LLongi= 5.4812939 v+  7.5025431*Tu
a 1= 19.1833020;

END;

BEGIN { —=w==-momm- Neptune =—=--=wew-- )
LongPi= 0.8399169 + 0.0248931*Tu
Omegas= 2.3000657 + 0.0192371*Tu
Inc = 0.0308915 - 0,0001625*Tu
[ 1= 0.0089881 + 0.0000064*Tu;
LLong:= 5.3118863 + 3.8376877*Tu
a 1= 30,0551440;

END;

DEGIN { -- Pluto }
LongP:= 3.9202678)

Omega= 1,.9269569)
Inc = 0.29%0156)
e 1= 0.2508770;
LLong:= 3.8203049;
a 1= 39.5375800;

END)
{ case }
A-43
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0.000005166*Tu*Tu;
0.000003072*Tu*Tu;
0.000000314*Tu*Tu;
0.000000030*Tu*Ty;
0.000005306*Tu*Tu;

0.000018727*Tu*Tu
0.000000087¢Tu*Tu*Tu;
0.000007103*Tu*Tu;
0.000000017*Tu*Tu;

0,000005428*Tu*Tu;

0.000008029*Tu*Ta;

0.000005306*Tu*Tu;

0.000000236*Tu*Tu;
0.000000279*Tu*Tu;
0.000000227*Tu*Tu;
0.000000080*u*Tu;
0.000005428*Tu*Tuy

0.000017994*Tu*Tu
0.000000070*Tu*Tu*Tu;
0.000006999*Tu*Tu;
0.000000087*Tu*Tu;
0.000000470*Tu*Tu)
0.000003910*Tu*Tu;

0.000014626*Tu*Tu
0,000000087%Tu*Tu*Tu;
0.000002112%y*Ty
0.000000035%*urTu*Tu)
0,000000262*Tu*Tu;
0.000001000*Tu*Tu;
0.600009076*TurTu;

0.000003752*Tu*Tu,
0.000023387*Tu*Tu
0.000000332%TutTu*Tu)
0.000000646*Tu*Tu;
0.000000080*Tu*Tu;
0.000005306*Tu*Tu;

0.0000066154CusTy;
0.000004538*Tu*Ty;
0.000000140*Tu*Ty;

0.000005393*Tu*Ty)



LLong:= REALMOD( LLong,TwoPI )i
LongP:= REALMOD( lLongP,TwoPI );
Omega:= REALMOD( Cmega,TwoPI );

Argp:= LongP - Omega;
M := LLong - LongP;

NewTonR{ e,M, EO,Nu );
1= a*(1,0-e*e);

u 3= 0.0;
1 := 0.0;
Cappi:= 0.0;

RANDV( P,e,Inc,Omega,Argp,Nu,U,L,CapFi, R,V );

Alternate method for finding position vector
r(4):= ( a*( 1.0~-e%*@) ) / ( 1l.0+e*Cos(Nu) );
rf{1):= r{4)*( Cos(Nu*+Argp)tCos(Omega)-8in(Nu+Argp)*Cos(Inc)*8in(Omega) );
r(2)s= r(4)*( Cos{NutArgp)tS8in(Omega)+8in(Nu+Argp)*Cos(Inc)*Cos(Omega) );
r{3):= r[4)*Sin(Nu+Argp)*8in(Inc);

{ === Calculations required for reference to mean eguator --- )}
= ( JD - 2451545.0 )

Obliquitys= 23.439 - 0.0000004*N; {deg)

Obliquity:= Obliquity / Rad)

ROT1( R ,~-Obliquity, R );
ROT1( V ,~Obliqulity, Vv )2y

TUDaySuni= 54.20765355; ( days per sun TU}
FOR {:= 1 to 3 DO
v(i):= v[i}/tudaysun;

IF Show = 'Y' THEN

BEGIN
writeLn{ ' i Omega Long®P ')
WriteLn( a110x6,l113:6 Inc'zadxlO:G On.gu'radxlzxs Longp*xadxllxs )
Writeln( ' LLong Axgp Nu ')y
WriteLn( LLong*rad:l4:5,Argp*radsl2:6, H*xldx1216 Nu*rad:12:6 )i

END)

END; ( Procedure PlanetRY }
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FUNCTION GEOCENTRIC

(1-£f) squared = l-eSqrd.
Algorithm : Find the answer
Author 3

Inputs
Lat

Geodetic Latitude

Outputs
Geocentric Geocentric Latitude

Locals
None.

B

Consgtants
EESqrd

Eccentrlcity of Earth squared.

Coupling
None.

References s
Escobal pg. 136
Kaplan pg. 332-336

This Function converts from Geodetic to Geocentric latitude.

Notice that

Capt Dave Vallado USAFPA/DFAS 719-472-4109 12 Aug 1988

-Pi/2 - Pi/2 rad

-Pi/2 - Pi/2 rad

0.00669437999013

}

FUNCTION Geocentric
CONST
EESqrd : Extended = 0.00669437999013,
YEGIN
Geocentrici= ARCTAN( (1.0 - EESqrd)*TAN(Lat)
END; { Fuactlion Geocentric }

( Lat

s Extended )iBxtended;

3]

FUNCTION INVGEOCENTR1C

This Punction converts from Geocentric to Geode
(1-f) squared = l-eSquared.

Algorithm 1+ Find the answer

Author + Capt Dave Vallado USAFA/DFAS

H
- Geocentric Latitude

Inputs
Lat

Outputs t
InvGeocentric- Geodetic Latitude

Locals
None.

Constants
EESqrd

:
- Bccentricity of Barth squared

Coupling
None.

H

References :
Escobal pg. 136
Kaplan pg. 332~336

tic latitude. Notice that

719-472-4109 12 Aug 1988

~pi/2 ~ P1/2 rad

-pi{/2 - P1/2 rad

0.00669437999013

}

FUNCTION InvGeocentric
CONST
EBSgrd : BExtended = 0.00669437999013;
BEGIN
InvGeocentric:= ARCTAN( TANM{Lat)/(1.0 - EBSqr
END; { Punction InvGeocentric

{ Lat

A-45
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PROCEDURE SIGHT
This procedui.: takes the position vectors ¢f two satellites and determines
if there is line-of-sight between the two satellites. A spherical Earth
with radius of 1 DU is assumed. The process is to form the equation of
a line between the two vectors. Differentliating and setting to aero finds
the minimum value, and when plugged back into the original line equation,
gives the minimum distapnce. The parameter tmin is allowed to range from
0.0 to 1.0,
Algorithm : Pind tmin
Check value of tmin for LOS
Find dist squared if needed
Author ¢+ Capt Dave Vallado USAFA/DFAS 719-472~4109 31 Jan 1990
Inputs :
Rl - Position vector of the first sat DU
R2 ~ Position vector of the second sat DU
Outputs %
LOos ~ Line of Sight 'Yes','No !
Locals H
ADOtB -~ Dot product of a dot b
TMin - Hinimum value of t from a to b
DistSqrd = Min Distance squared for to earth DU
A8qrd - Magnitude of A squared
BSqrd -~ Magnitude of B squared
Constants t
None.
Coupling:
DOT Dot product of two vectors
References 3
None.
PROCEDURE SIGHT { R1,R2 s Vector;
VAR LOS t 8tr3 N
VAR .
ADotB,TMin,Dist8qrd,ASqrd,Bsqrd: BYXTRNDED)
BEGIN

BSqrd:= R2[4)*R2{4),
ASqrdi= R1{4)*R1[4]);
ADotB:= DOT( R1,R2 );
THin 1= ( ASqrd - ADOtB ) / ( ASqrd + BSqrd - 2,0%ADoOtB ))

IF (TMin < 0.0) or (‘TKin > 1.0) THEN
LOS:= 'YES'
ELSE
BEGIN
DistSqrd:= (1.0-THin)*ASqrd + ADotS*THin;
IF DistSqrd > 1.0 THEN

LOS:= 'YES’
BLSE
LOS:= 'NO

END;
END; { Procedure Sight }
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PROCEDURE LIGHT
This procedure determines if a spacecraft is sunlit or in the dark at a
particular time. A spherical Earth and cylindrical shadow is assumed.
Algorithm ¢ Find the sun vector
Use the sight algorithm for the answer
Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 9 Feb 1990
Inputs H
R - 1JK Positlion vector of satellite DU
Jp ~ Julian Date of desired observation Days from 4713 B.C.
OutPuts 3
Vis - Visibility Plag 'Yes','No '
Locals H
RtAsc - Suns Right ascension rad
Decl - Suns Declination rad
RSun - 8un vector AU
AUDU - Conversion from AU to DU
Constants H
None
Coupling 3
SUN Position vector of Sun
LNCOM1 Multiple a vector by a constant
SIGHT Does Line-of-sight exist bewteen vectors
References 1
Escobal 9.
PROCEDURE LIGHT (R t Vector;
Jp t Extended)
VAR LIT + 8trl )i
VAR
RSun t Vector)

AUDU,RtAsc,Decl : Extended;

BEGIN

AUDU:= 149599650.0/6378.137;

SUN( JD,RSun,RtAsc,Decl );
LNCOMY( AUDU,RSun, RSun );

-t e e o

Is the satellite in the shadow? —=~we——cmmmoocun }

SIGHT( RSun,R, Lit );

END; { Procedure Light )}
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PROCEDURE OMS2

This procedure determines the velocity and position vector of the shuttle
after it performs the OMS-2 burn. Assume the burn and the resulting
velocity change are instanteanous.

Algorithm t+ Find the velocity vector
Rotate to 1JK

Author ¢t Capt Dave Vallado USAPA/DFAS 719-472-4109 7 Mar 1990
Inputs H

Lat ~ Geodetic latitude of the shuttle's Earth sub-

point (its NADAR) before the burn. rad

Lon - Geodetic longitude of the shuttle's NADAR rad

Alt =~ Altitude of the shuttle above the Earth's surface DU

Phi - Shuttle flight path angle rad

Az - Shuttle azimuth angle rad

Speed ~ Shuttle scalar velocity with respect to inertial space DU/TU

Jb = Julian Date Ref 4713 B.C,

Outputs :
R - Position vector of the shuttle after the OMS2 burn DU

v - Inertial velocity vector of the shuttle after OMS2 burn DU/TU
Locals H

VSEZ - Velocity vector expressed in the SBEZ frame pu/Tu
Constants :

Halfpl
Coupling t

LSTIME - Find LST and GST

SITE ~ Find 8ite vector on an oblate Rarth

ROT2 - Rotate about the 2 axis

ROT3 -~ Rotate about the 3 axis
References H

None.

)
PROCEDURE OMS2 ( Lat,Lon,Alt,Phi,Ax,8peed,JD : Bxtended;
VAR R,V :+ VECTOR );

CONST

HalfPi : Extended = 1.57079632679490;
VAR

GST, LST + Extended;

VSEZ,VS,TempVec : Vactor;
BEGIN

LSTime( Lon,JD, Lst,Gst );
SITE( Lat,Alt,Lst, R,V8 )i

{ -- velocity vector in the rotating, Rarth-fixed SEZ frame —-- )
VSEZ2{1) 1= -Spead * COS(Phi) * COS{Ax))
VSEZ{2) := Speed * CO8(Phl) * SIN(AZ);
VSEZ{3] := Speed * SIN(Phi);
MAG({ VSEZ )3

{ —==rrommmmmee Perform SEZ to IJK transformation =—----———w-= }
ROT2( VSEZ, Lat-HalfPi, TempVec ))
ROT3( TempVec, -L8T , V )

( END; { Procedure OS2 }
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PROCEDURE RNGAZ
This procedure calculates the Range and Azimuth between two specified
ground points on a spherical Barth. Notice the range will ALWAYS be
within the range of values listed since you do not know the direction of
firing, long or short. The procedure will calculate Rotating Barth ranges
if the TOF is passed in other than 0.0.
Algorithm : Pind the range
Calculate the Az noting all combinations of quadrants
Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 25 Aug 1988
Inputs 3
Llat - Start Geocentric Latitude ~Pi/2 - Pi/2 rad
LLon - Start Longitude (WRST -) 0.0 - 2P§ rad
TLat - Bnd Geocentric Latitude ~Pi/2 - Pi/2 rad
TLon - End Longitude (WEST -) 0.0 - 2pi rad
TOF ' - Time of FPlight if ICBM, or 0.0 TU
OutPuts 1
Range -~ Range betwean points 0,0 - P! rad
Az - Azimuth 0.0 - 2Pi rad
Locals H
None.
Constants H
TwoPi
Pl
OmegaEarth - Angular rotation of Barth Rad/TUu
Small - Tolerance
Coupling :
ArcCos Arc Cosine function
References 3
BMW pg. 309-311
}
PROCEDURE RngAz { LLat,LLon,TLat,TLon,TOF : Rxtended;
VAR Range, Az 1 Extended )i
CONST
OmaegaBarth : Extended = 0.0588335906868878)
Pi ¢+ Extended = 3.14159265358979,
TwoPi : Extended = 6.28318530717959;
Small + Extended = 0,000001;
BEGIN

Range:= ArcCos( SIN(LLat)*SIN(TLat) + !
COS(LLat)*COS8(TLat)*COS(TLon-LLon + OmegaRarth*TOF) );

{ wmmmemm Check if the Range is U or half the earth ~-—--—--—- }
IF ABS{ Sin(Range)*Cos(LLat) ) < Small THEN
IP ABS( Range - Pi ) < Small THEN
Azt= Pi
ELSE
Az:= 0.0
ELSE
Az:= ArcCos{ ( SIN(TLat) - COS(Range) * SIN(LLat)) /
{ SIN(Range) * COS(LLat)) )i

{ =~ Check if the Azimuth is grt than Pi ( 180deg ) ~~---—- )
IP SIN( TLon - LLon + OmegaBarth*TOF ) < 0.0 THEN
Az3= TwoPi - Az;
END;  { Procedure RngaAz )
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PROCEDURE PATH

This procedure determines the end position for a given range and azimuth
from a given point. Notice the use of ATAN2 to eliminate quadrant
problems. Also, Geocentric coordinates are used since the Barth is
assumed to be spherical.

Algorithm ¢ Find the latitude
Find the change in lcngitude noting quadrant possibilities
Calculate the longitude

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 25 Aug 1988
Inputs s
LLat -~ Start Geocantric Latitude ~Pi/2 - Pi/2 rad
LLon ~ Start Longitude 0.0 - 2Pi rad
Range -~ Range between points DU
Az - Aximuth 0.0 - 2P{ rad
OutPuts :
TLat ~ End Geocentric Latitude ~Pi/2 ~ Pi/2 rad
TLon - Bnd Longitude 0.0 - 2P} rad
Locals H
SinDeltaN - S8ine of Delta N rad
CosDeltaN - Cosine of Delta N rad
DeltaN =~ Angle bteween the two points rad
Constants s
Pi -
TwoPl -
Swall - Tolerance
Coupling 3
ArcSin Arcsine function
RealMOD Real NOD function
Atan2 Arc Tangent function which also resolves quadrants

References :
BMW pg. 309-311
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PROCEDURE Path { LLat, LLon, Range, Az ¢ Bxtended;
VAR TLat, TLon 1 Extended );
CONST
-3 s Extended = 3,14159265358979;
TwoPi: Extended = 6.20318530717959;
Small: Extended = 0.000001;
VAR
SinDeltaN,CosDeltaN, DeltaN : Extended;
BEGIN
3 Azt= RealMOD{ Az,TwoPi );
- IF LLon < 0.0 THEN
g LLons= TwoPi + LLon;
2 IF Range > TwoPi THEN
Range:= RealMOD( Range,TwoPi );

§ ¢ { Pind Geocentric Latitude ———————-————o— }

- TLat = ARCSIN( SIN(LLat)*COS(Range) + COS(LLat)*SIN(Range)*COS{Az) );
: { =~~~ Find Delta N, the angle between the points ———=w-~w—u—-}

. IF (ABS(COS(TLat)) > Small) and (ABS(COS(LLat)) > Small) THEN

. BEGIN

1 SlnbeltaN:= SIN(Az)*SIN(Range) / CO8(TLat);
CosDeltaN:= ( COS(Range)-SIN(TLat)*SIN(LLat) ) / ( COS(TLat)*COS(LLat) );
DeltaN:= ATan2(SinDeltaN,CosDeltaN);

9 END

3 ELSE

2 BRGIN

4 { —===—mm Case where launch is within 3nm of a Pole =--——--—--}
3 IF ABS(COS(LLat)) <= Small THEW

’ IP (Range > Pi) and (Range < ‘rwoM) THEM

: DeltaN:= A% + Pi

3 ELSE -

' DeltaN:= Ax)

5 { —mmeem Case where end point is within 3nm of a pole ~---~—-o )

4 IF ABS( COS(TLat) ) <= Small THEN
5 DeltaN:= 0.0;
4 END;

TLon:= LLon + DeltaN;

4 IF TLon < 0.0 THEN

TLons= TwoPl + TLony

g ‘ IF TLon > TwoPi THEN

: TLons= RealMOD({ TLon,TwoPi );

( END; { Procedure Path }
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PROCEDURE TRAJEC

This procedure calculates the Range, Aximuth, and Time of Flight between
two specified ground points for an ICBM with as known Q. Calculations
depend on knowledge of burnout conditions, and the iterations arze
performed for either a high or low trajectory. Notice the ICEM will fly
oh an inertial trajectory, and values for earth relative velocities,
etc., are calculated after the iteration. MNotice these calculations do
not support trajectories over half the world away.

Algorithm + Find the Range and Ax with 0 Tor
If the trajectory is possible,
Loop to find the Range and Az corrected
Calculate influence coefficients
Pind velocity needed

Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 9 Oct 1988
Inputs H -
LLat - Start Geocentric Latitude -Pi/2 - Pi/2 rad
LLon - Start Longitude (WEST -) 0.0 -~ 2Pi rad
TLat - Bnd Geocentric Latitude -Pi/2 - P1/2 rad
TLon ~ End Longitude (WERST -) 0.0 - 2Pi rad
Rbo - Radius at burnout ]
Q - Non-dimensional Q performance based on Inertial Velocity
TypePhi - Type of trajectory, High ot Low ‘H', 'L
OutPuts H
Range - Rotating Range between points 0.0 - Pl rad
Phi -~ Inertial rlight Path Angle rad
TOF - Rotating Barth Time of Fligth ™
Az - Inert Azimuth 0.0 - 2Pi rad
I1CPhi - Influence Coefficient for Phi rad/rad
ICVbo - Influence Coefficlient for Vbo rad/ DU/TU
I1CRbo - Influence Coefficlent for Rbo rad/rad
vn - Valocity the missile needs DU/TU
Locals H
Small - Tolerance
QBoKin - Minimum Q for a given range
a - Semi Major Axis DU
Ecc - Eccentricity
E -~ Bccentric Anomaly rad
Range0Old - Iteration value of range DU
Vbo - Inertial velocity DU/TU
VEarth - Rarths velocity DU/TU
i - Index
Constants :
Pl -
Rad - Degress per radian
OmegaBarth - Angular rotatlon of Rarth (Rad/TU)
Undefined - Plag for an undefined element
Coupling 3
MAG Magnitude of a vector
ArcSin Arc Sine of a value
ArcCos Arc Cosine of a value
RngAz Pinds range and Azimuth given two points
References H
BMW pg. 293-313 -
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PROCEDURE Trajec { LLat,LLon,TLat,TLon,Rbo,Q 3 Extended;

TypePhi s Char;
VAR Rang. 'Phi +TOF ,Az, ICPhi ’
ICVbo, ICRbO s Bxtended;
VAR Vn t Vector ):
CONST
Pi + Extended = 3.14159265358979;
Small t+ Bxtended = 0.000001;
OmegaBarth : Extended = 0.0588335906868878;
Rad : Extended = 57,2957795130823)
Undefined : Extended = 999999.1;
VAR
a,Ecc,B,Range0ld,Vbo,VRarth,QboMin : Extended;
i t INTEGER;
BEGIN
Initialize }
Range0ld 3= -1.0;
{3= 1;
{ =mmmmmemmreeee Iterate to £ind the flight time ~=—~-mmweme-w- }

RngAz{ LLat,LLon,TLat,TLon,0.0, Range,Az );
A 1= RBo / (2.0 - Q)

QBoMini= ( 2.0*Sin(Range/2.0) ) / (1.0+8in(Range/2.0));
IF (Q -~ QboMin) > 0,001 THRN

BEGIN
WHILE (ABS(RangeOld - Range) > 8mall) and ( i < 20 ) DO
BEGIN
{ ~——mmmmmeem Check for High or Low Flight Path Angle —-—------- }

IF TypePhi = 'H' THEN

Phii= 0.5%( (PL - ArcS8IN(((2.0-Q)/Q)*8in(Range/2.0)) )

- Range/2.0)
ELSE

Phii= 0.5%( Arc8IN(((2.0-Q)/Q)*Sin(Range/2.0)) - Range/2.0);
Ecc 1= SQRT({ 1.0 + Q¥(Q—2.0)*Cos{Phi)*Cos(Phi) )3
B 1= ArcCos{ (Ecc-Cos(Range/2.0)) / (1.0-Bcc*Cos(Range/2.0)) )i
TOFP 1= SQRT(A*A*A)*2,0%( P{ - B + RCC*SIN(E) )3

IFP Show = 'Y' THEN
} Writeln( i1:4,Range*Radsl12:6,Phi*Radil2:6,8"Rad:12:6,eccsl2:6,
TOF*13,44685108:122:6 );

o_——

RangeOld:= Range)
RngAsz{ LLat,LLon,TLat,TLon,TOF, Range,Az )}
11= i+l

END;
IP §{ >= 20 THEN
WriteLn( ‘'The iteration did not converge in 20 steps' ),

{ === BEvaluate Influence Coeffliclients for unit errors -—------ )
VBo 1= SQRT{ Q/Rbo );
ICPhit= ( ( 2.0*Sin(Range + 2.0*Phi) ) / 8in(2.0%Phi) ) - 2.0
ICVvbot= ( 8.0*Sin(Range/2.0)*8in(Range/2.0) ) /
( Vbo*Vbo*VEBo*Rbo*8in(2.0*Phi) )y
ICRbo1= ( 4.0*Sin(Range/2.0)*8in(Range/2.0) ) /
( Vbo*VbotRBo*Rbo*Sin(2.0%Phi) )y

{ —ommmmmmnna Find Velocity Needed, Relative Velocity ~=---- -}
VEarthi= OmegaRarth * Cos{LLat);

VN(1]:= -VBo*COS( Phi )*COS(Az))
VN(2)t= VBo*COS({ Phi )*SIN(A3) - VEarth;
VN(3}:= VBo*SIN( Phi );

MAG( VN )3
END
ELSE
BEGIN
{} Write( 'ICBM does not have enough energy -~ ')
() Writeln{ ' Q Min =',QboHinil2:6 );
Phi 1= Undefined; TOF 1= Undefined;
ICPhisi= Undefined; ICVbos= Undsfined;
ICRbos= Undefined; Vn(d4]:= UNdefined;
END;

END; ({ Procedure Trajec }
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PROCEDURE HOHMANN

This procedure calculates the deita v's for a Hohmann transfer for either
circle to circle, or sllipse to ellipse., The notation used is from the
initial orbit (1) at point a, transfer is made to tha transfer orbit (2),
and to the final orbit (3) at point b.

Algorithm

Author

Inputs
Rl
R3
el
e3
Nul
Nu3

OutPuts
Deltava
Deltavb
TOF

Locals
SHEL
SHE2
SME3
\'21
v2a
V2b
v3
al
a2
a3

Constants
Pi

Coupling
None.

Referencas
BMW

.
e

[ I O N B B A

Find initial values
If the orbits are both cir or ellip, £ind the answer

Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Jun 1989

Initial position magnitude DU
Final position magnitude by
EBccentricity of first orbit
EBccentricity of final orbit

True Anomaly of first orbit 0 or P{ rad
True Anomaly of final orbit 0 or Pi rad
Change in velocity at point a by / TU
Change in velocity at point b DU/ T
Time of Flight for the transfer TV

{

Specfic Mechanical Energy of tirst orbit DU2 / TU
Spectic Mechanical Energy of transfer orbitbu2 / TU
Specfic Mechanical Energy of final orbit DU2 / TU

Valocity of lst orbit at point a DU / TU
Velocity of transfer orbit at point a Dy / TU
Velocity of transfer orbit at point b DU/ TU
Valocity of final orbit at point b DU/ TU
Semi Major Axis of first orbit )i ]

Semi Major Axis of Transfer orbit DU

Semi Major Axis of final orbit pu

Pg. 163-166
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PROCEDURE Hohmann { R1,R3,e),83,Nul,Nu3
VAR Deltava,Deltavb,TOP
CONST
Pi ¢ Bxtended = 3.14159265358979;
VAR
SME1,SMB2,SME3, V1,V2a,V2b,V3, al,a2,a3 : Extended;
BEGIN

1 Bxtended;
t Extended );

{ Initialize values
al := (rl*(1.0+el*Cos(Nul))) / (1.0 - eltel );
a2 1= { RL +R3 ) / 2.0y

a3 := (r3*(1.0+e3*Cos(Nu3))) / (1.0 - e3%e3 )y
SMEl:= =1.0 / (2.0%al);

SME2:= ~1,0 / (2.0%a2);

SME3:= ~1.0 / (2.0%a3);

Deltava:= 0.0;

DeltaVvbs= 0.0;

ToFt= 0.0y

IFP (el <1.0 ) or ( e3 <1,0 ) THEN
BEGIN

{ rind Delta v at point a
V1 3= SQRT( 2.0%( (L.0/R1l) + 8MEl ) )
V2ai1= S8QRT( 2.0*( (1.0/RL) + 8uR2 ) );
DeltaVas= ABS( V2a - V1 )

{ Find Delta v at point b
V3 1= SQRT( 2.0%( (1.0/R3) + 8NE3 ) )3
V2bi= SQRT( 2.0%( (1.0/R3) + 8SNB2 ) );
DeltaVbi= ABS( V3 - V2b );

{ ~=wemm m————— Pind Transfer Time of Flight =~--

TOF:= Pl * SQRT( A2RA2*A2 };
IP Show = 'Y' THEN

BEGIN
Writeln( a2 ‘',a2:110:6,' DU' )
Writeln( V1 ',v1:d0:8 )

1]
(]
writeln( ' V2a ',v2a:1l0:6,' V2b *,v2b11016 )9
WriteLn( ' V3 ',v3:10:6 )

Writeln({ '

END)
END;
END; { Procedure Hohmann }
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PROCEDURE ONRTANGENT
Fhis procedire calcuilates the delta V's for a One Tangent transfer for either
circle to clrcle, or ellipse to ellipsé. The notation used is from the
initidl orbit (1) at point a; transfer is made to the transfer orbit (2),
and to the final okbit (3) at point b.
Algorithm : Find the parameters for the transfer orbit
Based on the eccentricity, find the answer
Author + Capt Dave Vallado USAFA/DPAS 719-472-4109 19 Jun 1989 [
Inputs H "
Rl - Initial position magnitude DU )
R3 - Firal position magnitude DU
ol - Bccentricity of first orbit
e3 ~ Bccentricity of final orbit
Nul - True Anomaly of first orbit rad
Nu2 ~ True Anomaly of second orbit rad -
Nu3 - True Anomaly of final orbit rad
OutPuts H
Deltava ~ Change in velocity at point a by / TU
Deltavb -~ Change in velocity at point b by / TU
TOF - Time of Flight for the transfer ™
Locais $
SHEL —- Specfic Mechanical Energy of first orbit Dy2 / TU
SME2 - 8pecfic Mechanical Rnergy of transfer orbit pu2 / TU
SHE3 - Spectic Mechanical Energy of final orbit DUz / T
vl - Velocity of lst orbit at point a DU / TU
V2a - Velocity of transfer orbit at point a DU / T
v2b - Velocity of transfer orbit at point b DU / TU
v3 - Velocity of final orbit at point b pu /T
e2 - Rccentricity of second orbit
al - Semi Major Axis of first orbit DU
a2 - Seml Major Axis of Transfer orbit i}
a3 - 8.mi Major Axis of final orbit Dy
E - Eccentric anomaly of transfer orbit at point b rad
Constants H
None.
Coupling 3
None.
References t
BMW pg. 163-166
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PROCEDURE OneTangent { R1,R3,el,e3,Nul,Nu2,Nu3 : Extended;
VAR Deltava,Deltavb,TOFP : Extended );
VAR
SME1,SME2,SMB3, V1,V2a,V2b,V3, e2,al,a2,a3, Phi2b,Phi3, B, Sinv,Cosv t Extend
BEGIN
{ Initialize values }
al 3= (rl%(l.0+el#*Cos(Nul}))) / (1.0 ~ el*el );
2 1= ( r3-rl ) / ( -r3*Cos(Nu2)+Cos(Mul)*rl ); { Cos(Nul) determines the sign}
IFP ABS{ €2-1,0 ) > 0,00000) THEN
BEGIN
a2 1= (rl*(1.0+e2*Cos(Nul}))) / (1.0 ~ e2%e2 );
SME2:= ~1.0 / (2.0%a2);
END
BLSE
BEGIN
a2 1= 999999.9; { Undefined for Parabolic orbit }
SME2:= 0.0;
ENDj
a3 1= (r3*(1.0+e3*Cos(Nu3))) / (1.0 - e3%e3 );
SMEL;= -1,0 / (2.0%*al);
SME31= ~1,0 / (2.0%*a3);
{ rind Delta v at point a )
V1 1= SQRT( 2.0%( (1.0/R1) + SMEL ) )3
IF ABS( SME2 ) > 0.000001 THEN
V2a:= SQRT{ 2.0%( (1.0/Rl) + SME2 ) ) '
ELSE
V2a:= SQRT( 2.0%(1.0/Rl) )»
Deltava:= ABS( V2a - V1 );
{ Pind Delta v at point b }
V3 1= SQRT( 2.0%( (1.0/R3) + SKE3 ) )3
IF MBS( SME2 ) > 0.000001 THEN
V2bs= SQRT( 2.0%( (1.0/R3) + 8ME2 ) )
ELSE
V2bs= SQRT( 2.0*(1.0/R3) )
Phi2bi= ArcTAN( ( e2*Sin(Nu2) ) / ( 1.0 + e2*Cos(Nu2) ) );
Phi3 1= ArcTAN( ( e3#Sin(Nu3) ) / ( 1.0 + e3*Cos(Nul) ) );
DeltaVbi= SQRT( V2b*V2b + V3%y3 - 2,0*V2brV3*Cos( Phi2b~Phi3 ) );
{ —m=oemmmmncnne Pind Transfer Time of Flight =—e———-caceeac }
IP @2 < 0.9999 THEN
BEGIN
Sinvi= ( SQRT( 1.0-e2%e2 )*8in(Nu2) ) / ( 1.0 + e22Cos(Nu2) );
Cosviz ( e2+Cos(Nu2) ) / { 1.0 + e2*Cos(Nu2) ),
£ 1= ATAN2( Sinv,Cosv )}
TOF 3= SQRT( A2tA20A2 ) * ( R ~ @2*Sin{E) );
END
ELSE
BEGIN
IF ABS( e2-1.0 ) < 0.000001 THEN
BEGIN
{ parabolic TOF }
END
ELSE
BEGIN
{ Hyperbolic TOP )
END;
END;
) IF Show = 'Y' THEN
BEGIN
Writeln{ * a2 ',a2:10:6,' DU' );
Writeln( ' W1 ‘,v1:10:8 )y
Writeln( ' V2a ',v2a11036,' V2b ',v2bil0:6 )
writeIn( ' V3 ',v3:11016 )
WritelLn( 'TOTAL ', (DeltaVa+Deltavb):10:6,' DU/TU' );
WriteLn{ ' e2 ',02110:6,' E = ' ,B*57,2955:10:6,"' a2 *',a2:10:6 );
{ WriteLn( ' Phi2 ',Phi2b*57.2955:10:6,' Phi3 = ',Phi3#57,2955110:6 );
END)
( END; { Procedure OneTangent }
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Algorithm
Author

Inputs
Rl
R3
el
o3
Nul
Nu3

OutPuts
Deltava
Deltavb
TOR

Locals
SMEL
:11 ¥
SHE3
Vi
v2a
vab
v3
al
a2
a3
B

Constants
None.

Coupling
None.

References
BNW

H

3

PROCEDURE GENERALCOPLANAR

This procedurs calculates the delta v's for a general coplanar transfer for
either circle to circle, or ellipse to ellipse.
the initial orbit (1) at point a, transfer is made to the transfer orbit (2),
and to the final orbit (3) at point b.

The notation used is from

Capt Dave Vallado USAFA/DFAS 719-472-4109 14 Mar 1989

Initial position magnitude
Final position magnitude

Bccentricity of first orbit
Reccentricity of final orbit
True Anomaly of first orbit
True Anomaly'of final orbit

Change in velocity at point a
Change in veloclity at point b
Time of Flight for the transfer

Specfic Mechanical Bnergy of first orbit
Spectic Mechanical Energy of transfer orbit
Specfic Mechanical Energy of final orbit
Velocity of 1st orbit at point a

Velocity of transfer orbit at point a
Velocity of transfer orbit at point b
Velocity of final orbit at point b

Semi Major Axis of first orbit

Semi Major Axis of Transfar orbit

Sem! Major Axis of final orbit

ou2 / TU
Dy2 / U
Du2 / 10
DU / TU

by / TV

DU/ TV

by /Tu

DU

Dy

DU

Rccentric anomaly of transfer orbit at point b rad
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PROCEDURE GeneralCoplanar ( R1,R3,01,02,03,Nul,Nu2a,Nu2b,Nu3

{

BEGIN

VAR Deitava,Deltavb,TOr

VAR

SKBl,SK!Z ,3“3 PI ‘28 ,V2a,V2b,V3, al ,a2,a3.Ph11 ,Phi.Zl,Phnb,PhlS,
E,K0,8inv,Cosv  : Extended;

{ Injitialize values }
al 3= (xl*(1.0+el*Cos(Nul))) / (1.0 - el*el )3
IF ABS( @2-1.0 ) > 0.000001 THRN
BEGIN
a2 1= (rl*(l1,0+e2*Cos(Nu2a))) / (1.0 ~ e2%e2 );
SME2t= ~1,0 / (2.0%a2)y
BND
ELSE
BEGIN
a2 1= 999999.9; { Undefined for Parabolic orbit }
SNE2:= 0,0)
END; ,
a3 1= (r3*(1.0+e3*Cos{Nu3))) / (1.0 - e3%e3 );
SMEl:= -1.0 / (2.0%al)s
SME3:= ~1.0 / (2.0%a3); |

{ Pind Delta v at point a }
V1 = SQRT{ 2.0*( (1.0/R1) + SMEl ) );

V2a:= 8QRT( 2,0%( (1.0/Rl) + SME2 ) )

Phi2ai= ArcTAN( ( e2%8in(Nu2a) ) / ( 1.0 .+ e2*Cos(Nu2a) ) )1

Phil = ArcTAN( ( el*Sin(dul) ) / ( 1.0 + sl*Cos(Mul) ) );
Deltavas= SQRT( V2a*V2x + V1tV1l ~ 2,0*V2a*Vi*Cos( Phi2a~Phil ) );

{ #£ind Delta v at point b }
V3 1= SQRT( 2.0%( (1.0/R3) + SNE3 ) );

V2bi= SQRT({ 2.0%( (1.0/R3) + SME2
Phi2bi= AXcTAN( ( e2*8in(Mu2b) ) / { 1 0 + @2%Cos(Nu2b) ) )
Phi3 1= ATcTAN( ( @3#*Sin(Mu3) ) / ( 1.0 + e3*Cos(Mu3) ) };
Deltavbs= SQRT( V2b*V2b + vatva ~ 2,0*V2b*v3%Cos( Phi2b~Phi3 ) )

~—

{ -~ Find Transfer Time of Plight =——-~wcocem-- }
8inve= ( SQRT( 1,0-e2*e2 )*8in(MNu2b) ) / ( 1.0 + e2*Cos(Nu2b) )y
Cosvi= ( e2+Cos(Nu2b) ) / ( 1.0 + e2*Cos(Nu2b) ),

Bt= ATAN2{ Sinv,Cosv );

Sinvi= ( SQRT( 1.0-e2%e2 )*Sin{Nul2a) ) / ( 1.0 + e2*Cos(Nu2a) );
Cosv:i= ( e2+Cos(Nu2a) ) / ( 1.0 + e2*Cos(Nu2a) )»

Eos= ATAN2( 8inv,Cosv );

TOF:5 SQRT( A2*A2%A2 ) * ( (K - #2*8in(R)) - (RO - €2*8in(E0)) ):

END; { Procedure GeneralCoplanar }
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PROCRDURE RENDRZVOUS
This procedure calculates paraseters for a Hohmann transfer rendeazvous.
Algorithm : Calculate the answer
Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 23 Sep 1988
Inputs 3
Resl ~ Radius of circular orbit interceptor DU
Rcs2 -~ Radius of circular orbit target DU
Phasel - Initial phase angle rad
NumRevs - Number of revs to wait
OutPuts : ’
PhaseF ~ Pinal Phase Angle rad
‘WaltTime - Wait before next intercept opportunity 1TU
Locals t
TOFTrans - Time of flight of transfer orbit i) -
ATrans - Semi-major axis of transfer orbit DU
VelTgt - Velocity of target rad / TU
Vellnt - Velocity of interceptor rad / U
LeadAng ~ Lead Angle rad
Constants ]
Pi
Coupling s
None.
Reforances H
BMW Pg.
}
PROCEDURE Rendezvous { Rcsl,Rcs2,Phasel + Extended;
NusRevs t Integer)
VAR Phasel,WaltTime 1 Extended );
CONST
Pl : Extended = 3,14159265358979;
VAR
TOFTrans,LeadAng,aTrans,VelTgt,Vellnt : Rxtended;
BEGIN

ATrans := (Rcsl + Rcs2) / 2.0s

TOFTrans:= PI*SQRT( ATrans*ATrans*ATrans )j
Vellnt 1= 1.0 / ( SQRT(Rcal®Rcsl*Resl) );
Velrgt = 1.0 / ( SQRTP(Rcs2*Rcs2*Rcs2) ))

LeadAng := VelTgt * TOFTRans;
PhaseF := Pl - LeadAng;
WaitTime:= ( Phasel — PhasaP + 2,0*PisNumRevs ) / ( VelInt - VelTgt )

{) IP Show = 'Y' 'THEN

{) BEGIN

{} Writeln( ' A transfer = ',ATRans:l2:8, ' DU ' )y

{) Writeln( °® 20F Transfer> ',TOFTRansi12:8,' TV ' )

{} Writeln( °* Velrgt = ', Vel?gts12:8, °* rad/Tu' )

{} Writeln( °* velint = ',"9)1Int112:8, * rad/Tu' )

8 lmgtu:ol.n( ' Lead Angle = ‘',LeadAng*57.29578:12:8,' ' );
:

END; { Procedurs Rendesvous }
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PROCEDURE INTERPLANETARY

This procedure calculates the delta v's for an interplanetary mission. The
transfer assumes circular orbits for each of the planets. MNotice the
units are all metric since this procedure is designed for ANY planet and
sun system. This eliminates having knowledge of cannonical units for
each planet in the calculations.

Algorithm s Calculate ths anawer
Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H
Rl ~ Radius of planet 1 from sun km '
R2 — Radius of planet 2 from sun km
Rbo - Radius at burnout about planet 1 km
Rimpact - Radius at impact on planet 2 km
Mul ~ Gravitational parameter of planet 1 ka3/82
Mut - Gravitational parameter of planet Sun km3/82
Mu2 - Gravitational parameter of planet 2 km3/82
OutFPuts ]
Deltavl - Hyperbolic Excess velocity at planet 1 801 kn/s
Deltav2 - Hyperbolic Excess velocity at planet 2 80X km/s
Vbo ~ Burnout velocity at planet 1 kn/s
Vretro — Retro velocity at surface of planet 2 km/s
Locals t
SHEL - Specfic Mechanical Energy of lst oxbit Kn2/s
SMEL -~ gpecfic Mechanical Energy of transfer orbit Kn2/s
SHE2 - Specfic Nechanical Enezgy of 2nd orbit Xn2/s
Vesl - Velocity of 1lst orbit at delta v 1 point Kn/s
Ves2 —- Velocity of 2nd orbit at delta v 2 point Xn/s
vtl - Velocity of Transfer orbit at delta v 1 point Xa/s
ve2 - Velocity of Transfer orbit at delta v 2 point Ka/s
A ~ Semi Major Axis of Transfer orbit | O]
Constants . H
None,
Coupling :
None,
References H
BMW Pg.
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}
PROCEDURE Interplanetary { R1,R2,Rbo,Rimpact,Mul,Mut,Nu2 t+ Bxtended;
VAR Deltavl,Deltav2,Vbo,Vretro 1 Bxtended );

SME1,SME2,SMEt, Vcsl, Vcs2, Vtl, Vt2, A,TP 1 Extended; .

VAR

BEGIN
{ - rind a, SME, apogee and perigee velocities of transfer orbit -~ }
A = (RL+R2) / 2.0; ‘
SMEts= ~Mut/ (2.0%A);

Vel := SQRT( 2.0%( (Nut/Rl) + SMEt ) );
VE2 1= SQRT( 2.0%( (Mut/R2) + 8MEt ) )»

{ ---~ Find circular velocities of launch and target planet ~--- }
Vesli= SQRT( Mut/Rl )
Vcs2:= SQRT( Mut/R2 )y '

{ —~-~ Find delta velocitlies for Hohmann transfer portion -~—- } v
Deltavl:= ABS( Vt1 - Vesl )y
Deltav2:= ABS{ Vcs2 ~ Vt2 )3

{ - Find SME and burnout/impact vel of launch / target planets - }
SHEL 3= DeltavltDeltaVl / 2.0;

SHE2 := Deltav2tDeltav2 / 2.0

Vbo 1= SQRT{ 2.0%( (Mul/Rbo) + SWEL ) );

Vretro:= SQRT{ 2.0%*( (Mu2/Rimpact) + SMR2 ) );

IF Show = 'Y' THEN
BEGIN
TP:= Pi*SQRT( atata/Mut ); { Transfer Period in secs }
Writeln( * Transfer Period = *',TP/3.1536K07:8:3,' yrs or ‘',TP/86400.038:3,"
Writeln;
. Writeln( 'Vcs km/s':l19,vesli9sd,' '110,vcs2:9:4))
} Writeln( ' Vt km/s':19,vt1:9:4,' '310,vt2:19:4 ),
WriteLn( 'SME km2/82':119,8MB139:4,' ',8MBL:9:3,8482:9:4 )y
END;

END; { Procedure Interplanetary )}
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PROCEDURE RRRNTRY '
) This procedure calculates various reentry parameters using the
Allen & Eggars approximations.
Algorithm t Find the answer
Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 14 Apr 1989
Inputs s
Vre ~ Reentry Velocity n/s
PhiRe - Reentry PFlight Path Angle rad
« BC ~ Ballistic Coefficient kg/m2
h - Altitude kn
Outputs H
v - Velocity km/s
Daecl -~ Dacleration g's
> MaxDecl - Maximum Decleration g's
Locals H
grav - Temporary variable to hold Weight component
Rho - Atmospheric density kg/m3
Constants t
ScaleHt - Scale height used to exponentially model atmosp 1.0/7.31§
Coupling 3
None.
References $
None.
PROUEDURE Reantry ( Vre,PhiRe,BC,h 1 Extended;
VAR V,Decl,NaxDecl 1 Bxtended );
VAR
ScaleHt,grav,Rho : Extended;
BEGIN

ScaleHt:= 1,0/7.315;

Rhot= 1,225%BEXP( -ScaleHt*h );

V 1= Vre * RXP( (1000.0*Rho ) / (2.0*BC*ScaleHt*8in(PhiRe)) )i
gravi= 9.80*8in(PhiRe):

Decli= ((-0.5*Rho*V*V) / BC ) + grav)

Decl:= Decl/9.80)

MaxDeclis (~0,.5*%*ScaleHt*VreaVret8in(Phire)) / (9.80*RXP(1,0));

MaxDecli= MaxDecl/9.80;
END; { Procedure Reentry }
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PROCEDURE HILLSR

This procedure calculates various position iaformation for Hills equations.

Notice the XYZ system used has Y Colinear with Target Position vector,

Z normal to target orbit plane, and x in direction of velocity.
Algorithm s+ Find the answer
Author + Capt Dave Vallado USAPA/DFAS 719-472-4105 8 May 1989
Inputs H

R - Initial Position vector of INT ol

v - Initial Velocity Vector of INT DU/ TU

Alt ~ Altitude of TG?T satellite Dy

T — Desired Time Ty
Outputs 3 .

Rl - Final Position vector of INT Dy

V1 - Final velocity Vector of INT DU/ TU
Locals H '
Constants t
Coupling t

None.
References H

Kaplan pg 108 - 115

PROCEDURE HillsR (v + Vector)
Alt,t s Extended;
VAR Rl,Vl 1 Vsctor )3

VAR

SinNt,CosNt ,Omega,nt,Radius 1 Rxtended;
BEGIN

{ ——mmmmmm s Initialize the orbit elemnts —~=—-—=w-wewwe- }

Radius:= 1.0 + ALY

Omagas= SQRT(

1.0 / Radius )»

nt 13 Omegatt;
CosNtt= Cos{ nt )i
SinNt:= Sin( nt );

L e e e Determine new positions }

Ri(1}):=

R1{2):=

P~ . s~ S P~

2.0*V{2)/Omega ) * CosNt +
(4.0%v{1])/Omega) + 6.0*R(2) ) * SinNt +
R{1] - (2.0*V{2])/Omega) ) -

3.0*V[1] + 6.0*Omega*R[2) )*t;
Vi2])/Omega ) * 8inkt -

(2.0%v[1]/omega) + 3.0%R[2] ) * CosNt +
{2.0%V[1]/Omega) + 4.0%R[2] ),

RL[3):= R{3}*CoaNt + (V[3]/Omega)*8inNt;

{ = ~=- Detormine new velocities }

END; { Procedure MillsR )
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PROCEDURE HILLSV '

‘ This procedure calculates initial velocity for Hills equations.
. Notice the XYZ system used has Y Colinear with Target Position vector,
Z normal to target orbit plane, and x in direction of velocity.

Algorithm 3 Check for a divide by zero, then
Find the answer

Author : Capt Dave Vallado USAPFPA/DFAS 719-472-4109 8 May 1989
Inputs t
R - Initial Position vector of INT DU
- Alt - Altitude of TGT satellite by
T - Desired Time 4}
Outputs t
v - Initlal Velocity Vector of INT DU/ TU
P
Locals H
Constants 3
Coupling H
None.
References H
Kaplan pg 108 - 115
PROCEDURE HillsV (x t Vector;
Alt,t t Extended;
VAR V t Vactor )i
VAR
Numer ,Denom, SinNt,CosNt,Omega,nt,Radius s Extended;
BEGIN
{ ——mmmemme e Initialize the orbit elemnts ———-—~——-m-=nu- }
Radiusi= 1.0 + Alt)
Omegas= SQRT( 1.0 / Radius )y

nt 13 Omegart;
CosNt:= Cos( nt );
SinNt:= 8in{ nt );

{ oo Determine initial Velocity

Numer:= ( (6.0%r{2)*(nt-SINnT)-r[1])*Onegat8innt-2.0*Omega*r(2)*
(4.0-3,0*Cosnt)*(1.0-CO8nt) );

Denoms= (4.0*Sinnt-3,0*nt)*8innt + 4.0%( 1,0-CosNt ) * { 1.0-CosMt )i

IF ABS( Denom ) > 0.000001 ‘THEN
V{l):= Numer / Denom
ELSE
vil):= 0.0;
IF ABS{ SinNt ) > 0.000001 THEN
v{2}s= ~( Omegatr{2]*(4.0-3.0*Cosnt)+2.0*(1,0~Cosnt)*v{1]) ) /
{ sinNt )
ELSE
vi2)s= 0.0;
V(3}:= 0.0

. ( END; { Procedure Hillsv }
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PROCEDURE TARGET

This procedure accomplishas the targeting problem using KEPLER and GAUSS.

Algorithm s Propogate the target forward
Pind the iatercept trajectory
Calculate the change in velocity required

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 8 Jun 1990
Inputs $
RiInt - Initial Position vector of Intexceptor o]
Vint - Initial Velocity vector of Interceptor DU/TU
RTgt -~ Initial Position vector of Target DU »
vrgt - Initial Velocity vector of Target DU/TU
dm ~ Direction of Motion for Gauss 'L','8’
TOF - Time of flight to the intexcept TU
OQutputs t 4
Vit - Initial Transfer Velocity vector DU/TU
vat - rinal Transfer Velocity vector pu/Tu
Dyl ~ Initial Change Velocity vector DU/TU
Dv2 - Pinal Change Velocity vector DU/Tu
Direc - Direction of transfer,Diu 1ls or gt Pi ‘L','8’
Locals 3
TransNormal - Cross product result of transfer orbit i)
IntNormal - Cross product result of interceptor orbit DU
R1Tgt ~ Position vector atter TOF of Target DU
ViTgt -~ Velocity vector after TOrY of Target DU/TU
RIRT = RInt{4] * RiTgt(4)
CosDeltaNu - Cosine of DeltaNu rad
SinDeltaNu =~ Sine of Deltadu rad
DeltaNu = Deltadu, angle between position vectors rad
‘ Constants L
None
Coupling :
CROSS Cross product of two vectors
KEPLER Pind R and V at future time
GAUSS ¥ind velocity vectors at each end of transfer
LNCON2 Linear combination of two vectors and constants
por DO? product of two vectors
References H
None.
}
PROCEDURE TARGET { RInt,VInt,RTgt,VIgt t Vector;
Dm 3 CHAR;
0r 1 Extended;
VAR V1t,V2t,DV1,DV2 t Vector )i
VAR
IntNormal, TransNormal, RlTgt, ViTgt t Vector;
Temp, RIRT, CosDeltaNu, BinDeltaNu, DesltaNu t BXTENDED;
BEGIN
{ =m—mmmmmeme Propogate target forward by TOF }
KEPLER( RTgt,VTgt,TOF, R1Tgt,VlTgt ))
»
{ ==emmemee -- Calculate transfer orbit bstween r's ———--———=-—- }

GAUSS( RInt,RlTgt,dm,TOF, Vit,V2t );

LNCOM2( -1.0, 1.0,VInt, Vit, DVl );
LNCOM2( 1.0,-1.0,ViTgt,V2t, DV2 )

IF V1t[4) < 0.00001 THEN
DV1{4):= 100.0;
BEND; { Procedure Target }
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PROCEDURE PKEPLEP

This procedure propagates a satellite's position and velocity vector over
a given time period accounting for perturbations caused by J2. The
satellite's original position and velocity vectors are inputed together
with the time the elements are to be propagated for. The updated position

and velocity vectors are then output.

Algorithm 1+ Find the value of the perxturbations
Determine the type of orbit
Update the appropriate parameters
Find the new position and velocity vectors
Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 6 Jan 1990
Inputs t
R - original position vector nu
v - original velocity vector DU/rU
DeltaT - time for which orbital elements are to TU
Outputs H
Rl ~ updated position vector o1 ]
vl - updated velocity vector pU/TU
Locals H
P - Semi-paranter DU
A - yemimajor axis DU
E - eccentricity
Inc - inclination xad '
Argp - argument of periapsis rad
ArgpDot -~ change in argument of periapsis rad/Tu
Omega - longitude of the ascending node rad
OmegaDot - change in Omega rad
EO - accentric anomaly rad
Bl - eccentric anomaly rad
M - mean anomaly rad/Tu
MDot - change in mean anomaly rad/?u
Uo - argument of latitude rad
UDot -~ change in argument of latitude rad/T™y
Lo ~ true longitude of vehicle rad
LDot - change in the true longitude rad/Ty
CapPio - longitude of peziapais rad
CapPioDot -~ longltude of periapsis change rad/Tu
N - msan angular motlon rad/?u
NUo -~ true anomaly rad
J20P2 = J2 over p sqyared
8inv,Cosv -~ Sine and Cosine of Nu
Constants [
Pi -
TwoPi -
J2 ~ J2 constant from the Rarth's geopotential function
Small - Tolerance
Couplings
ELORB - Orbit Elements from position and Velocity vectors
RANDY ~ Position and Velocity Vectors from orbit elements
NewtonR ~ Newton Rhapson to £ind Nu and Eccentric anocamaly
RealNod - Real MOD operation
References t
Escobal pg 369. Dot terms
BMW PS

A-67




)
PROCEDURE PKepler { Ro,Vo : Vector;

DeltaT t+ Extended;
VAR R,V t Vector )
CONST
TwoPi : Extended = 6.28318530717959;
Pl s Bxtended = 3.14159265358979;
J2 : Bxtended = 0.00108263;
Small s Extended = 0.000001)
VAR
P,A,E,Inc,Omega,Argp,Nuo,M,Uo,Lo,CapPio,Onegabot, R0,
Atquot,NDot,UDOt,LDot,ClpPiDot,N.J?on,mt H !xtond.dy
TypeOrbit 1 STRING{2);
BEGIN f

ELORB{ Ro,Vo,P,A,R,1Inc,Omega,Argp,Nuo,M,Uo,Lo,CapPio);
ns= SQRT(1.0/(A*A%A));

L Pind the value of J2 perturbations --—=~----—-~ }
J20P2:= (1.5%32) / (p*p):
NBar:= n*( 1.0 + J20P2*SQRT(1.0~e*e)* (1.0 - 1.5%8in{Inc)*8in(Inc)) )i
OmegaDot:= ~J20P2 * Cos{Inc) * NBar;
ArgpDoti= J20P2 * (2.0-2.5*8in(Inc)*8in(Inc)) * Nbar;
MDot t= NBar

{ ¥Dot = -(4,0/3.0) * (1.0-E) * (NDot/Nbar) Drag Terms)

{ === Determine type of orblit for later use -—-——-~—-~~ }
{ ~-~ mlliptical, Parabolic, Hyperbolic Inclined --- }
TypeOrbiti= 'RI';

IF E < Small THEN
O ~- Circular Equatorial —-—=—--~———---}
IF ( Inc < 8mall ) or ( ABB(Inc-Pl) < Ssall ) THEN
TypeOrbiti= ‘Cx'
RLSE
{ wmmemmmeaaee Circular Inclined mmm—emne————}

TypeOrbit:= ‘Cr!
ELSE

{ -- mlliptical, Parabolic, Hyperbolic Equatorial —- }
IP ( Inc < Small ) or ( ABS(Inc-PL) < Small ) THEN
TypeOrbiti= 'REBY,

{ —==wm Update the orbital elements for each orbit type —-—--- g
{ Blliptical - Inclined
IF TypeOrbit = 'BI' THEN
BRGIN

Omega:= Omega + OmegaDot * Delta?;
Omega:= RRALMOD(Omega, TwoPi);
Argp = Argp + ArgpDot ¥ Delta?l;
Argp 3= RRALMOD{Argp, TwoPl);

M 1= M + MDO? * DeltaT)
M t= RRALMOD(M, TwoPl)j
NewtonR({ e,m, e0,Nuo );

END;
{ Circular Inclined }
IF TypeOrbit = 'CI' THEN
BEGIN

Omaga:= Owega + OmsgaDot * DeltaT;
Omega:z REALMOD(Omega, TwoPl))
UDot 1= ArgpDot + MDot;

Uo = Uo + UDot * DeltaT;
Uo t= REBALNOD(Uc; TwoPl);

END;
{ =mmemmmm e m—eee Elliptical - Equatorial }
IF TypeOrblt = 'BR' THEN
BEGIN

CapPiDot:= OmegaDot + ArgpDot)
CapPlo i1= CapPlo + CapPiDot * Delta?;
CapPlo 1= REALMOD{CapPio, TwoPi))
M 1= M + MDOT * DeltaT;
M 1= REALNOD(M, TwoPl);
NewtonR( e,m, ¢0,Nuo );
END;

{ Circular - Equatorial )
IP TypeOrblit = 'CE' THEN
BEGIN
LDot:= OmggaDot + ArgpbDot + HMDot;
Lo := Lo + Lbot * Deltal)
Lo := REALMOD(Lo, TwoPl);
END;
{ —wmoommemmee Use RANDV to find new VeCtOrs =———=r-——--==c--- )

RANDV( P,E,Inc,Omega,Argp,luo,Uo,Lo,CapPio, R,V );

END; { Procedure PKepler }
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PROCEDURE J2DRAGPERT

This procedure calculates the psrturbations for the predict problem
involving secular rates of change resulting from J2 and Drag only.

Algorithm t Find the startup values
Calculate the dot terms

Author + Capt Dave Vallado USAFA/DFAS 719-472-4109 14 Mar 1989
Inputs t

Inc ~ Inclination rad

e - BRccentricity

N - Mean Motlon rad/Tu

NDot - Mean Motlon rate rad / 2TU2
Outputs t

OmegaDot -~ Long of Asc Node rate rad / TU

Argpbot - Argument of perigee rate rad / TU

EDot - Eccentricity rate /TU
Locals i

P ~ Seml-parameter o i)

A - Semi-major axis i}
Constants :

J2 J2 zonal harmonic
Coupliing :

POWER Raise a base to a power

Refezences s
Escobal pg. 369
O'Keefs et 21l., Astronomical J, Vol 64 num 7, pg. 247 for Rdot

}
PROCEDURE J2DragPert { Inc,R,N,N00t + Bxtended)
VAR OmegaDO?,ArgpbOT, RDOY s Extended )i

CONST

J2 : Extended = 0.00108263)
VAR

P,A,NBar : Extended;
BEGIN

a 1= Power{ 1.0/n , 2.0/3.0 )y
P 13 ar(1l.0-e%e);
NBars= n*( 1,041,5%J2%(SORYT(1.0-e%e)/(p*p))*(1.0~-1.5*8in(inc)*Sin(inc) )1

( rind dot terms )
OmegaDoti= =1.5%( J2/(p*p) ) * Cos(inc) * NBary
Argpbot 3= L1.5*%( J2/(p*p) ) * (2.0-2.5%8in(inc)*S8in(inc)) * Nbar;
EDot 1= -(4.0/3,0) * (1.0-%) * (NDot/Nbar);

END; { Procedure J2DragPert )
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PROCRDURE PREDICT

This procedure Jetermines the azimuth and elevation for the viewing
of a staellite from a known ground sits, Notice the Julian Date is left
in it's usual DAYS format since the dot terms are input as radians per
day, thus no extra need for conversion. The Julian Date also faclilitates
finding the site position vector. Also observe RANDV is not used since
this would merely accomplish extra calculations. The iteration is left
out to allow the user to set up his own loop to look for sighting times,

Algorithm '
Author : Capt Dave Vallado USAFA/DPAS 719-472~4109 11 Dec 1990
Inputs :

Jp - Jullan Date of desired observation Day

JDEpoch -~ Julian date of epoch for satellite Day

No ~ Epoch Mean motion rad/day

Ndot - Epcoh Half Mean Motion Rate rad/2day2

Eo -~ Bpoch Rccentricity

Edot - Epoch Bccentricity rate /day

Inco - Epoch Inclination rad

Omegao ~ Bpoch Lon of Asc node rad

Omegabot - Bpoch Lon of Asc Node rate rad/day

Argpo - Bpoch Argument of perigee rad

ArgpDot - Epoch Azgument of perigee rate rad/day

Mo =~ Epoch Mean Anomaly rad

Lat - Geodetic Latitude of site rad

Lon -~ Longitude of site rad

ALt ~ Altitude of site DY
OutPuts t

Rho -~ Range from site to satellite ou

Az =~ Azimuth rad

El - Elevation rad

RtAsc ~ Right ascension rad

Decl ~ Declination rad

Vis ~ Visibility ‘Radar Sun', ‘'Rye‘', 'Radar Nite', ‘'Not Visible'
Locals t

Varlable o -~ denotes the opoch value, while no o is current

Dt ~ Change in time from Epoch to desired t day

A ~ Semi major axis DU

EO ~ Bccentric Anomaly rad

Nu ~ True Anomaly rad

LST ~ Local Sidereal Time rad

GST ~ Greenwich 8idereal Time rad

Temp ~ Temporary Real valus

SRtAsc ~ Suns Right ascension rad

SDecl - Suns Declination rad

Theta ~ Angle batween IJK Sun and Satellite vecrad

Dist - Ppdculr distance of satellite from RSunbDU

Small - Tolerance of small values

R - 1JK Satellite vector DU

RS - IJK Site Vector DU

Vs - Site Velocity vector DU/TU

RhoVec - Site to satellite vector in SEZ DU

TempVec = Temporary vector

RHoV - Site to satellite vector in IJX DY

R8un - Sun vector AU

c - Temporary Vector
Constants H

Pi - 3.14159265358979

HalfPi - 1.37079632679490

TwoPi - 6.28318530717959

Rad - Degrees per radlan 57.29577951308230

TUDay - Days in oni TU 0.00933809102919444

AUDU - DUs in 1 AU 23455.07
Coupling :

SUN Position vector of Sun

MAG Hagnituds of a vector

DoT Dot product of two vectors

CROSS Cross Product of two vectors

ROT1,ROT2,ROT3 Rotations about lst, 2nd and 3rd axis

SITE Site Vector

LSTime Local Sidereal Tim3

NewtonR Iterate to £!nd Bccentric Anomaly

ATAN2 Arc Tangent function which resolves quadrants
References :

Escobal pg. 369
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}
PROCEDURE Predict ({ JD,JDEpoch,no,Ndot,Eo0,Edot,inco,
Omegao,OmegaDot,Argpo,ArgpDot ,Mo: Extended:

Lat,Lon,Alt : Extended;
VAR Rho,Az,El,Rtasc,Decl : BExtended;
VAR Vis 's Strll );
CONST
Small : Extended = 0,000001;
Pi s Extended = 3,14159265358979;
HalfPi : Bxtended = 1.57079632679490;
TwoP{ : Extended = 6.28318530717959;
Rad 1 Rxtended = 57,2957795130023;
TUDay : Extended = 0.00933809102919444;
AUDU  : Extended = 23455.07
VAR '
Dt,a,E0,Nu,LST,GST, Temp,SRtAsc,SDecl,Theta,Dist,
N,M,E,Omega,Argp s Kxtended; !
Rpqw,R,RS,VS,RhoVec, TempVec,RhoV,RSun,C 3 Vector)
i : Integer;
BEGIN
{ Initialize values }
Az 1= 0,03
El 1= 0.0;
Rho 1= 0.03
{ ——=e——mmemmmmee Update elements to new time ———w———c—mceeu—- }
214 t= JD -~ JDBpoch;
. 1= Q0 + EDot*Dt;

Omega:= Omegao + OmegaDot*Dt;
Argp 1= Argpo + Argpbot*Dt;
]

1= Mo + No*Dt + NDot*DttDht;
M 1= RealMOD({ M,TwoRi )y
N 1= No + 2.0*NDot*Dt; i n is in rad/DAY , ndot is over 2}
N 1= N * TUDay; convert n to rad/Tu}

{ =m=eme—————— Newton Rhapson to f£ind True Anomaly —=-—==w——--- }
NewtonR{ e,M, EO,Nu };

{ Form PQW positicn vector -———=———=e—o—ceao )
a:= POWER( 1.0/(N*N) , 1.0/3.0 )3

Rpgw(4):= ( a*(1.0-e*e) ) / (1.0 + e*Cos( Nu ) )y
Rpgw(l):= Rpqw(4]*Cos( Nu )y

Rpqw(2]:= Rpgw(4)*Sin( Nu }»

Rpqw{3):= 0.0;

{ Rotate to IJK }
ROT3( Rpqw , -Argp , TempVec );
ROTL( TempVec, -Inco , TeampVec );
ROT3{ TempVec, -Omega, R ):

LSTIME( Lon,JD, Lst,Gst )9
SITE( Lat,Alt,Lst, RS,V8 )y

{ —om—-- Pind 1JK range vector from site to satellite ----—---- )
FOR {:=1 to 3 DO
Rhov{i)s= R(1) - R6{1]);
MAG{ RhoV );
Rhoi= RhoV([4])s

{ ~=——ue Calculate Topocentric Rt Asc and Declination --==---- }
Temp:= SQRT( RhoV([1]}*RhoV(1l] + RhoV([2]*RhoV(2] )3
IF ABS( RhoV{2) ) < Small THEN
IF Temp < Small THEN
BEGIN
RtAsc:= 999999.1,
END
ELSE
IF RhoV[l] > 0.0 THEN
RtAsc:= Pl
BLSE
RtAsc:= 0.0
ELSE
RtAsc := ATAN2( RhoV(2)/Tewp , RhoV{l])/Temp )1
IF Temp < Small THEN
Decl:i= HalfPi { Check for case of -390 dog ***++ )
ELSE
Decli= ARCSIN( RhoV{3])/RhoV(4] );

{ Rotate to SEZ }
ROT3{ RhoV, LST , TempVec );
ROT2( TempVec,HalfPi-Lat, RhoVec )i
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{ ~—m——mme e Check visibility constraints ———---—=~--ve—- }
{ Is it above the Horizon }
IF RhoVec[3] > 0.0 THEN
BEGIN ‘lg%;
{ ~~—mmmmme Is the site in the light, or the dark? ——-————~-—~- }

SUN{ JD,RSun,3RtAsc,8Decl );
LNCOM1{ AUDU,R8un, RSun )
IPF DOT( RSun, RS ) > 0.0 THEN
visi= 'Radar Sun
ELSE
BEGIN

{ —=emmm—- Is the satellite in the shadow or not? —~-==~=-ww- }
CROSS( RS8un, R, C )»
Thetas= Arc8in{ C[4]/ (RSun(4]}*R[4])) ) .
Dist:= R(4]*CO8( Theta ~ HalfPi );
IF Dist > 1.0 THEN

Vis:i= ‘Bye '
ELSE
Viss= 'Radar Nite '; .
END;
KND
ELSE

Visi= 'Not Visible';

{ cmmmmmmsesnn Calculate Azimuth &nd Elevation —-—=ee———me——- }
Tempi= SQRT( RhoVec{l]}*RhoVec[l] + RhoVec[2])*RhoVec{2]) );
IF ABS({ RhoVec{2] ) < Small THEN
IF Temp < Saall THEN
' BEGIN
Write( "G )
A21= 999999.1;
END

ELSE
IF RhoVec{l) > 0.0 THEN
Azi= Pi
ELSR
Az3= 0.0
ELSE
An:= ATAN2{ RhoVec([2)/Temp , —RhoVec(l)/Temp );
IF ( Temp < Small ) THEN
El:= HalfPi
ELSE
Eli= Arc8in( RhoVec(3)/Rho )y

{ ~—eeee Calculate Geocentric Rt Asc and Declination ===—e==m= }
( Temp:= SQRT( R{1)*R[1] + R[2)*R(2) );
IP ABS( R[2) ) < Small THEN
IF Temp < Small THEN
BEGIN
Write( "G )y
RtAscs= 999999.1)
END
ELSE
1P R{1l]) > 0.0 THEN
RtAsci= Pi
ELSE
RtAsci= 0.0
ELSE
RtAsci= ATAN2( R{2]/Temp , R(1]/Temp )
IF ( Teap < Small ) THEN
Dacli= Halfpl
BLSE
Decli= ARCSIN({ R{31/R[4] ); !

( END; { Procedure Predict }
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PROCEDURE DERIV

This procedure calculates the derivative of the two-body state vactor for

use with the Runge-Kutta algorithm.
Algorithm t Find the answer
Author t Capt Dave Vallado USAPA/DFAS 719-472-4109 28 Aug 1989
Inputs :

ITime - Time ™

X - State Vector DU, DY/TU
Outputs : '

XDot - Derlivative of State Vactor DU/TU, DU/TU2
Locals H

RCubed -~ Cube of R
Constants H

None. .
Coupling H 1

None.
References 1

None.

}
PROCEDURE Deriv ( ITima 1 Bxtended)
X s Matrix)
VAR XDot s Matrix );

VAR

R,RCubed : Extended;
BEGIN

R3= SQRT{ SQR(Getval(X,l,1l)) + 8QR{GetvVal(X,2,1)) + SQR(GetvVal(X,3,1)) .
RCubed;x R*R*R;

{ Velocity Terms }
AssignvVal{ XDot,1,1,GetVal(X,4,1) )
AulgnVal( XDot,2,1,GetVal(X,5,1) )
Assignval({ XDot,3,1,GetVal(X,6,1) )

{ Acceleration Terms }
AssignVal{ XDot,4,1,-GetVal(X,1,1) / RCubed );
Assignval({ XDot,5,1,-GetVal(X,2,1) / RCubed );
AssignVal( XDot,6,1,-GetVal{X,3,1) / RCubed ))

eND; { Procedure Deriv )

{
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PROCKRDURE PERTACCEL

This procedure calculates the actual value of the perturbing acceleration.

Algorithm

Author
Inputs
R

v

Time
WhichOne
BC

Outputs
APert

Locals
rs2
rs3
m2
w3
r32
ri3
r34

Ve
RSun
RMoon
RtAsc
Decl
i

Constants
J2
J3
J4
GMS
GHM
OmegaBarth
TUDay

Coupling
MAG

sun
Moon

References
None,

: Setup tesmporary values

C L0

PRRE O U T T T T N T T T T T T N T N AR A B

.

Use a case statement to se

lect which perturbations are added

Note each perturbation adds on to the previous result

Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

Radius vector

Velocity vector

Initial time

Which perturbation tc calculate
Pallistic Coefficient

»arturbing acceleration

Sun radius vector **2
sun radius vector **3
Moon radius vector *%2
Moon radius vector **3

"2* component
*3* component
“z" componsat
Radlius vecinr
Radius vector
Radius vector
Radius vector
Radius vector

of Radius vector **2
of Radius vector #**3
of Radius vector #*4
K2
%3
any
(111
*k7

Temporary Real Value
Atmospheric Density
Relative Veloclity Vector
Radius Vector to 8un
Radius Vector to Moon
Right Ascension
Declination

Index

Sun Gravitational Parameter DU3/TU2
Hoon Gravitational Parameter DU3/TU2
Angular rotation of Xarth (Rad/TU)
Days in one YU

Magnitude of a vector
Sun vector
Moon vector

TU
12345...
kg/m2

bu/TU2

pu / TU
AU
DU
deg
deg

0.00108263
-0.00000254
-0.00000161

332952,9364
0.01229997
0.0588335906868878
0.00933809102919444
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‘

} o
PROCEDURE PertAccel { R,V

t Vector;
ITime 1 Bxtended;
WhichOne : Integer;
BC s Extended; i
VAR APert 1 Vector ¥
CONST
OmggaBarth : Extended = 0.05883359068688786;
TUDay t Bxtended = 0.00933809102919444;
VAR

J2,33,34,9ms,gmm, rs2,r02,r83,rm3,r32,r33,r34,r2,23,r4,x5,r7,

Baeta,Temp,rho,srtasc,sdecl,artasc,adecl ’
va,R8un,RMoon t VRCTOR;
i 3 INTEGER;
BEGIN
MAG( R )3
MAG( V )3

R2:= r{4)*z(4)y
R3:= R2*r(4);
R4:= R2%*R2;

R5:1= R2*R3y

R71= R5*R2)
R32:= ris)*x[3);
R333= R32*r(3])
R34:= R32*R32;

?533 WhichOne OF

J2 Acceleration
1 : BEGIN

Jz1= 0.00108263;

APert(l):= { (-1.5%J2%r(

11) / RS )
APert(2)1= ( (-1.5¢32%x(2]) / RS )
3)) /RS )

APext{3}:= ( (-1.5%32%r(
NAG( APext )
END)

{ J3 Acceleratlion
2 1 BEGIN
J3t= -0.00000254;

APert(2)s= ( (~2.5%33%r(2 R
IF ABS( x(3]) ) > 0,0000001 THEN

APert{ll:= ( (-2.5%33%r[1)) / R7 )
1) / R7 )

APert(3)ss ( (-2,5%33*r{3]) / R?
/ R2) - ((3.0%z2)

| 3911
APert{3):= 0.0y
MAG( APert );
END)
J4 Acceleration
3 ¢+ BEGIN

Jét= -0.00000161,

+ EXTENDED;

* ( 1,0-(5.0%R32) / R2 );
* ( 2.0-(5.0*R32) / R2 )}
* ( 3.0-(5.0*R32) / R2 ),

* ((3.0%r[3))-(7.0*R33) / R2 );
* {(3.0%x(3])-(7.0*R33) / R2 );
»

(
{
) *
/ x[3})

.;,.o-ztal')-((a.o-naa)

Arert{1l}e= ( (-1.875%J4%r{l]) / R7 ) * (1.0-((14.0*R32)/R2)+

{(21.0%R34) / R4 ))y
APert{2):= (
{(21.0%R34) / R4 ) )y
APert(3):= (
{((21.0%R34) / R& )
MAG{ APert )»
END;

{ Sun Accelsration
4 :+ BEGIN
GN8:1= 3,329529364%05;
ITime:= ITime * TUDay)
SUN( ITime,RSun,8RtAsc,SDecl );
POR i:= 1 to 4 DO

RSun{i)s= RSun{11*23455.07003)

RS2:= RSun{4]*RSun(d);

R83t= RS2*RSun([4)y

APert(l}:i= (-GHS/RS3) *
(r{1)-3.0*R8un(l)*

(-1.875%J4%r(2)) / R7 ) * (1.0-((14.0%*R32)/R2)+
(-1.875%34*r[3])) / R? ) * (5.0-((70.0%R32)/(3.0*R2))+

{ chg AU's to DU's }

((x[1)*R8un[1]}+xr[2]}*RSun(2)+z(3])*RSun(3)) / RS2));

APert(2}:= (~GMS/R83) *
(r{2]-3.,0*R8un{2]*

((r[11*R8un(1)+z[2)*RBun(2)+r(3)*RBun(3]) / RB2));

APort(3}i= (—GMS/RB3) *
(r(3)-3.0*RSun{3)*

{(z[1)*R8un(1}+r{2)}*RBun[2}+r{3)*RSuUn([3)) / RS2) )y

HAG( APert )
BNDj
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MNoon Acceleration -}

S : BEGIN

GMM:= ,0.01229997;
ITimes= ITime * TUDay;
MOON( ITime,RMoon,MRtAsc,MDecl )i
RM2:= RMoon[4)*RMoon{4];
RM3:= RMN2%RMoon{41};
APert{l}s= (-GMM/RM3) *
(r{1]-3.0*RMoon{1]*
((z[1]*RMoon{1]+x{2)*RNoon[1)+r(3]*RMoon{3]) / RH2)):
APert{2):1= (~GMM/RM3) *
(x(2)-3.0*RMoon([2)*
((x[l]'nmon[l]ﬂ[n*nnoon[zl+r[3]*m(oon[3]) / RM2)):
APert(3):= (-GMM/RM3) *
(£{3)~3.0*RMoon(3]*
((t[l)*Ruoon[1]+t[3lﬂnnoon[3]+:[3]*RHoon[3]) / RM2)):
MAG( APert );
END;

Drag Acceleration }

6 3 BEGIN
va[l):= V(1] + (OmegaBarth*r{2]); { DU/TU }
val2):= V[2) ~ (OmegaRarth*r{l]);

' va(3):= v(3);
MAG{ Va );

ATMOS( R, Rho )2

Tenp:i= ~1000.0 * va[4) * 0.5*Rho* ( 1.0/BC )* 6378137.0;
APert[l):= TemptVa{ll;
ARert[2)1= TemptVal2);
APert{3):1= Tesp*Va[3);
MAG( APert );
END)

1

solar Acceleration }

7 3 BEGIN
ITime:= ITime * TUDaY)
SUN( ITime,RSun,SRtAsc,B8Decl ))
POR 3= 1 to 4 DO
RSun[1)1= RBun[1)%23455.07003; { chg AU's to DU's }

Beta:= 0.4y

APert(4)s= (4.74B-06%(1.0+Beta))/(BC*9.807);
APert(l)s= (~APert[4)*RSun{1}))/R8un(4);
APert{2):= (-Avert{4)*RSun[2))/RSun{4);
APert(3)1= (-APert[4)*RSun{3))/R8un{4);

END;
END; { Case )

END;

{ Procedure PartAccel }
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PROCEDURE PDERIV

This procedure calculates the derivative of the state vector for use with
the Runge-Kutta algorithm. The Derivlype string is used to determine
which perturbation equations are used.

Algorithm + Assign values
Check each value of Derivtype and if a perturbation is needed

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
Inputs H

Time - Time ™

X - State Vector DU , Dbu/TU

DerivType - String containing YN for incl perts ' YYNYNYN'

BC -~ Ballistic Coefficlient. kg/m2
Outputs t

XDot - Derivative of State Vector DU\TU, DU\TU2
Locals H

RCubed - Cube of X(4)
Constants L

None.
Coupling 3

None.
Referances H

None.

A=77




} :
PROCEDURE PDeriv (X

t Matrix;
ITime : Bxtended;
DerivType t Strl0;
BC : Extended;
‘ VAR XDot 1 Matrix );
VAR
RCubed : Extended;
Ro,Vo,APert,TempPert: Vector;
i: INTBGER;
BEGIN
' POR i:= L to 3 DO
BEGIN
APert(i)s= 0.0;
Ro{i] = GOtVll(x,l,l):
voli) 1= Getval(x,i+3,1);
END; v
MAG( RO )»
MAG( Vo )3
" APert{4):= 0.0;
RCubed:= Ro[4)*Ro(4]1*Ro[4]; ~
{ Velocity Terams }
AssignVal( XDot,l,l, GetVal(X,4,1) );
Assignval( XDot,2,1, GetVal(X,5,1) )i
Assignval( XDot,3,1, GetVal(X,6,1) );
Acceleration Terms }

(
IF Derivrype(l] = 'Y' THEN
PertAccel( Ro,Vo,1Time,l,BC, APert ))
IF DerivType{2) = 'Y' THEN
BEGIN
PertAccel( Ro,Vo,ITime,2,BC, TespPert );
AddVec( TempPert,APert,APert ))

END;
IF DerivType(3) = 'Y' THEN
BRGIN
PertAccel( Ro,Vo,1Time,3,BC, TempPert )i
AdVec( TempPert,AFert APert );
END;
IF DerivTypel(4] = 'Y’ THEN
BEGIN
PertAccel( Ro,Vo,ITime,4,BC, TempPert )i
AddVec( TempPert,APert,APsrt ))

END;
IF DerivType{S) = 'Y' THRN
BEGIN
PertAccel( Ro,Vo,ITime,5,BC, TempPert );
AddVec( TempPert,APert,APert );

END;
IF DerivType(6] = 'Y' THEN
BEGIN

PertAccel( Ro,Yo,I1Time,6,BC, TempPert ))
AddVec( TempPert,APert,APert );

END;
IF DerivType{7) = 'Y' THEN
BEGIN
PertAccel({ Ro,Vo,ITime,7,BC, TempPert )i
AddVec( TempPert,APert,APert );
ENDj

AssignVal( XDot,4,l,(~GetVal(X,1,1) / RCubed) + APert(l] )i
Assignval( XDot,5,1,{-GetVal(X,2,1) / RCubed) + ARert(2) )
Assignval( X¥Dot,6,1,(-GetvVal(X,3,1) / RCubed) + APert(3] )» §

END; { Procedure PDariv }
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PROCEDURE RK4

This procedure is a fourth order Runge-Kutta integrator for an
N-dimensional First Order differential equation. The user wmust provide
an external subroutine containing the system Equations of Motion. Notice
time is included since some applications may need this. The LAST position
in DerivType is a flag for two-body motion. Two-Body motion is used if
the 10th element is set to '2', othervise the Yes and No values determine
which perturbations to use.

Algorithm

Author

Inputs
ITime
pr
N
DERIVTYPE
BC
X

Outputs
X

Locals
XDot
Time
K
TEMP
J
TempTime

Constants
None.

Coupling
Deriv

References

I T I I N B

James, et al,

BHW

Evaluate each term depending on tho derivtype
Pind the final answer

Capt Dave Vallado USAFA/DFAS 719-472-4109% 20 Sep 1990

'
'

Initial Time U
Step size v
Dimension of the state

Which perturbations to use

Ballistic Coefficient kg/m2
State vector at initial time DU, bu/TU
State vector at nev time puU, DU/TU

Derivative of State Vector

Time Ty
Storage

Storage

Index

Tempoary time storage k1)

Procedure for Derivatives of E.O.M.

"Applied Num Methods® pg. 461-466, eqtn pg. 463.
pg. 414-415

A-79




}
PROCKDURE RK4 { ITime

t Bxtended;
DT t Extended;
] 1 Integer)
DerivType t 8trl0;
BC t Bxtended)
VAR X t Matrix );
VAR
XDot, Temp t Matrix)
Time, TenpTime s Bxtended)
K s Matrixs
J + Integer;
BEGIN
{ Initialize X Dot }
InitMatrix( 10,3,K );
InitMatrix( 6,1,Temp )}
InitMatrix( 6,1,XDot )j
IF' DerivType[10]} = '2' THEN
DERIV( ITime,X, XDot )
ELSE
PDeriv( X,ITime,Derivrype,BC, XDot ))
TempTime:= ITime;
{ ~=ommmmmameee Bvaluate lst Taylor Series Term ———---——=-— -}
POR j1= 1 to N DO
BEGIN

Assignval( X, J,1, Dt * Getval( Xpot,J,l) )»
A"‘qnval( TQIp,J,l, G.tv.l( X,J,l) + O.S'GOCVAI(K,J,I) )
END;

Time:= itime + Dt/2,0)

IF DerivType(l10) = '2% THEN
DERIV( Time,Temp, XDot )
ELSE
PDeriv( Temp,Time,Derivrype,BC, XDot ))

{ mmeemmmemaenn ~ Evaluate 2nd Taylor Series Term ~—--=s-=-w—m=—- }
POR ji= L to N DO
BEGIN
Assignval( X,J,2,Dt * GetvVal( XDot,J,l) )
AlslgnVll( TODP,J,I,GOtVll( X,J,l) + O.S‘GltVal(K.J,2) )’

END;
IF Derivrype(l0) = '2' THEN
DERIV( Time,Temp, XDot )
ELSE
PDexriv( Temp,Time,Derivrype,BC, XDot );

{ =mmmmmemoemane Rvaluate 3rd Taylor Serles Term ~——---==—u-e-e }
FOR j:= 1 to N DO
BEGIN
AsslgnVal( X,J,3,Dt * GetVal{ XDot,J,1) )»
AssignVal( Temp,J,), GetVal({ X,J,1) + GetVal(k,J,3) );
END;

TeapTime:= Temptime + D)

IF DerivType(10) = '2' THEN
DERIV( TexpTima,Teap, XDot )
ELSE
"Deriv( Temp,TempTime,DerivType,B8C, XDot )j

{ - Updats the State vector =-———=w—==——- ~—)
POR j:= 1 to N DO
AssignVal( X,J.l,GotVal( X,J:l) +
( Getval(Kk,J,l) + 2.0*%{ CetVal(X,J,2)+GetVal(k,J,3) ) +
Dt*Getval( XDot,J,1) ) / 6.0 )3

DelMatrix( K );
DelMatrix( Temp )3
DelMatrix( XDot );

END; { Procedure RX4 )
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PROCEDURE ATMOS

This procedure £inds the atmospheric density at an altitude above an
oblate earth given the position vector in the Geocentric Equatorial
frame, The position vector is in DU's and the density is in gm/cm*#*3,

Algorithm

Author

Inputs
R

Outputs
Rho

Locals
Re
Height
Alt
0ldDelta
Deltalat
GeoDtLat
GeoCnLat
TwoFMinusr2
OneMinual2
Delta
Temp
RSqrad
SinTemp
RhoNom
H

i
Constants
Pi

rlat
REarthka

Coupling
MAG

References
Escobal

Find initial values
Loop to find the latitudes
Calculate the density through a cascading IF statement

Capt Dave Vallado USAFPA/DFAS 719-472-4109 20 Sep 1990

- GEC Position vector DU
- Density kg/m**3
Range of site w.r.t. earth center DU
Height above earth w.r.t. site o i}
Altitude above earth w.r.t. site kn
Previous value of Deltalkat rad
Diff between Delta and Geocentric lat rad
Geodetic Latictude -Pi/2 to Pi/2 rad
Geocentric Latitude -Pi/2 to Pi/2 rad

111

2%F - P squared

(1-PF) aquared

Declination angle of R in IJK aystem rad
Diff between Geocentric/Geodetic lat rad
Magnitude squaxed

Sine of Tewp
Nominal density at particular alt gm/catt3
Scale Height km
index

3,14159265358979
Flatenning of the Rarth 0.003352810664747352
Earth equatorial radius €378.137

Magnltude of a vector

pg. 398-399 ( Conversion to Lat and Helght )
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PROCEDURE ATMOS (R t Vector;
VAR Rho : EBxtended );
CONST
PL : Extended = 3.14159265359;
Flat: Extended = 0,003352810664747352;
VAR

Re, Helght, OldDelta, DeltaLat, GeoDtLat, TwoFMinusPF2, SinTemp,
OneMinusF2, Delta, RSqrd, Temp, GeoCnLat, h, Alt, RhoNom : Extended;
1§ + Integer;

BE?IN

Initialize values }
MAG( R ):

TwoFMinusF2:= 2.0%*Flat - PFlat3PFlat)

OneMinusF2 := POWER( 1.0-Flat,2.0 );

{ ——=mmmmee- --~~- Set up initial latitude valus —-~-~-rme—c-— } -
Deltas= ArcTan({ R[3) / SQRT( R{1]}*R[1] + R(2)*R{2] ) );
IP ABS( Delta ) .> Pi THEN
Delta:= RealNOD( Delta,P! );
GeoCnLats= Delta;
OldDeltat= 1,0;
DeltaLat:= 10.0; >
RSqrd 1= R(4)*R(4]);

{ - Iterate to £ind Geocentric and Geodetic Latitude ----- }
i:= 1;
WHILE ( ABS( OldDelta - Deltalat ) > 0,00001 ) and ( i < 10 ) DO
BEGIN
OldDelta:= Deltalat;
Re 1= SQRT( ( 1.0-TwoFMinusr2 ) /
( 1.0-TwoPNinusF2#CO8(GeoCnLat)*COS(GeoCnLat) ) )3
GuoDtLat:= ArcTan{ TAN(GeoCnLat) / OneXinusP2 );
Tenp 1= GeoDtLat-GeoCnLat;
SinTemp:= SIN( Temp );
Helght := SQRT{ RBqrd-Rc*Rc*SinTemp*SinTemp ) - Rc*COS(Temp);
DeltalLat:= ARCSIN{ Height*S8inTemp / R{4] });
GeoCnLat:= Delta ~ Deltalat;
INC( L )
END; { while }

IF | »>= 10 THEN
WriteLn( 'IJKtolatLon did NOT converge ' )) ‘
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ALT:= Helght*6378.137;
L S ~-~-~ Dotermine density based on altitude -—--———emem--}

IF ALt >= 800 THEN
BEGIN
R 1= 130.8;
RHONOM:=  4,262B-17
RHO 1= RHONON*EXP( (800.0-ALT)/H))
RND
ELSE
IF ALt >= 700 THEN
BEGIN
H 1= 105.3)
RHONOMi=  1.216B-16;
RHO t= RHONOW*RXP((700,0-ALT)/H))
END
ELSE
IP Alt >= 600 THEN
BEGIN
H t= 91.0p
RHONOM:= 3.818E-16;
RHO 1= RHONOM*BXP((600,0-ALT)/H);
END
ELSE
IF Alt >= 500 THEM
BEGIN
H 1= 81.9;
RHONOM3= 1.316KR-15;
RHO 1= RHONOM*RXP( (500.0-ALT)/H))
ERD
BLSR
IF ALt >= 400 THRN
BEGIR .
H 12 73.2;
RHONOM3i= 5.192E-15)
RHO 1= RHONOMARXP((400,0-ALY)/H))
END
ELSK
IF ALt >= 300 THEN
BEGIN
H 1= 61,2
RHONOMs= 2,653R~-14)
RHO = RHONON*RXP((300,0-ALT)/H))

END
KLIR
IP ALt >= 250 THEN
BEGIN
H = 52.‘)
RHONOMi1= 7,3162-14;
RHO 1= RHOMON*RXP((250.0-ALT)/H))
END
ELSE
IP Alt >= 200 THEN
BEGIN
H 1= 40.8)

RHONOW:= 2,706B~13;
RHO 1= RHONOM*RXP( (200.0-ALT)/H))
END
ELSE
IF ALt >= 150 THEN
BEGIN
H 1= 4.1
RHONOM:= 2,141%-12;
RHO 15 RHONOWSEXP((1S0.0-ALT)/RH) s
END
ELSB
IF ALt >= 130 THEN
BEGIN
H 1= 16.1;
RHOMOMi1=z 8,.484E-12;
RHO 1= RHONOM*RXP((130.0~ALT)/H))
END
RLSE
BRGIN
H 1= 8.06;
RHONOM:= 9.661E~1l;
RHO 1= RHONOMN®*BXP((110.0-ALT)/H);
END;

END; { Procedure Atmos }
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PROCEDURE CHEBY

This procedure calculates a CHEBYCHEV expansion for the atmosphere.
Given an altitude above the Earth's surface, it will £ind the pressure and
density at that altitude using a Chebyshev polynomial. Calculations are
accomplished in metric units, and the final ansvers are converted to
English units, as described below.
The model s only valid from 0 to 200 km (656,000 f£t) altitude,

Algorithm + Convert the altitude to km
Assign the pressure coeff based on altitude
Calculate the pressure
Assign the density coeff based on altitude
Calculate the denisty
Convert to ENGLISH units

Author t C2C Gandhi USAFA 719-472-4109 28 Nov 1988
Capt Dave Vallado USAFA/DFAS 719-472-4109 28 Aug 1990
Inputs H
Alt - Altitude above earth's surface, ft
Outputs t
PALL - Pressure at altitude 1bf/in**2
RhoAlt - Density at altitude lbm/ft**3
, Locals :
Constants H
None.
Coupling :
None,
References t
None,
)
PROCEDURE CHEBY { ALT t Extended;
VAR PALT,RHOALT ¢ Extended )
VAR

Z, 21, Sum, PO , X, Nu, Part, LnR, R, Rho0 : Extended;
C,N : ARRAY[1..15) of Rxtended;
1 INTEGER;

--------------- Convert altitude to kilometers -===~-wemmw~we )
2 1= Alt * 0.0003048;
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IF 2 <= 80.0 THEN

BEGIN
{ ———-—— Chebychev model for altitudes of 80 km or less -——-—- }
{ ----- Define initial and zero altitude pressure constants -—-— }
SUM $= 0.0;
z1 3= 80.0;
R0 1= 101325.0p
{ ===~-~==- Dpefine the pressure ratio coefficientg ———~w—ow~-u- }
Afl] 1=z -11.385925;
Al2] = =5,6837011;
A[3] = 0.0526664763
Al4) = -0.077084294;
A(S) 1= -0.11004083;
A[6] = 0,017572339;
Al7) 3= 0.0048546337;
A[8]) = 0.0017694805;
A[9) 1= -0.0018185298;
A{10) 3= -0.0026635086;
A{ll] 3= 0.0035685433;
A[12]) 3= ~-0.00082257517;
A[13) 3= ~0.0010363683)
Af14) 3= 0.00057053477;
A[15) 3= -0.00019023078;
END
ELSE
BEGIN
{ ~omemee Chebychev model for altitudes of 80 to 200 km -——-~-- }
{ --- Define initlal and zero altitude pressure constants —--~-- }
SUM 3= 0.0,

2l 3= 200,09
PO 3= 101325.09

{ =mmmmmmm———— Define the pressure ratio cosfflicients -----~— }
AfL] 1= =-24,475069;
Al2) 1= -10.685861;
A[3) 1= 2.2622605;
Al4) 1= 0.63433398,
A[5) 1= -0.27948959;

A[6) 1= -0.31548574,
A7) 1= 0.090751361,
AM8) 3= 0,18530467
A[9) 1= -0.09532584%;
A[10] 3= -0.050214309;
A{1l] 1= 0.,045101378;
A[12) 3= 0,0088997472;

A{13] s= -0.018935899

A[14] 1= 0.0035690621;

A[15) 3= ~0.0063969880;
END;

{ —=mmemm Dafine X as a function of the altitude ratio —-==---- }
X 15 2,0 * 2/21 - 1,03

{ wmrmmemme e Define Nu as a function of X ——=-=- —————— }

{ === Define the Chebyshev Polynomials as functions of Nu --- }
cl2] 1= Ny
C(3) = Nu*Nu - 2.0;
FOR k:= 4 to 15 DO
c{k} = Nu * C[k-1] - C[k-2);

{ - Sum all parts of the Chebyshev expansion atmosph- ric model- }
FOR k:= 2 to 15 DO
BEGIN
PART := A{K] * Cc[k]);
SUH 1= SUM + PART;
ENDj

{ —~~—erm—meeme Solve for the pressure at altitude ————=——=w-- )
LNR = 0.5 * (A[1l]) + SUM),

R 1= EXP(LNR);

PALT := R * POy
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IF 2 <= 80.0 THEN

{ ~—mm—m- Chebychev model for altitudes of 80 km or less -—-——- }
{ ~~=emme Define initial and zero altitude density constants —- )
SUM = 0.0;
21 := 80.0;
RHOO := 1,2250;

{ ——emmmmmeeee Define the density ratio coefticients ——-————--- }
A(1) := ~10.960632;
A(2) = -5.5717132;
A[3] = 0.099116555;
A(4) := 0.061044847;
A[5] 3= -0.14304157;
A[6) 3= 0.0029494088;
a(7) = 0.0058789604;
A[(8) := 0,0020421324;
A[9) := 0.0071033206;
A{10) := -0.0010314086)
Af{1l] 3= 0.0034200737;
Afl2] 1= 0.0041764325;
A{13) 1= -0,0039151559;
A(14] := 0.00:1227828;
A(15] 3= -0,0015751053;

END
ELSE
BEGIN

{ ==mmme Define initial and zero altitude density constants -~ )}

SUM 3= 0.0;

Z)  := 200,0;
RHOO 3= 1.2250;

{ =~=mmme Chebychev model for altitudes of 80 to 200 km —~———== }
[ Define the density ratl> coefficlents --=--=v-me- }

A{l] = =25,415229;

Af2]) 1= -11,684380;

A3} = 1,8721406;

A{4) := 0.81660876)

A[5) := ~0.093811118;

Al[6) := -0,30155735;

A7) 1= -0.077593291,

A(8) = 0.21640168)

Al(9) = -0.034918422;

A{10) = -0,070126799;

Al11) 3= 0.036014616;

A[12) = 0.01495135);

A[13) 1= -0.021450283;

All4) 1= -0,0012497995;

A{15) 1= 0.0184218566)

END;

( ~==emoem- Define X as a function of the altitude ratlo ~=----- }
X 1= 2,0 * 2/21 - 1.0;
{ Define Nu as a function of X ==m-==c—=—oe }
Nu 1= 2,0 * X3
{ —==mm- Define the Chebyshev Polynomials as functions of Nu - }
22} 1= Nup

C[3] := Nu*Nu - 2,0;
FOR ki1=4 to 15 DO
c{k} 3= Nu * C(k~1] - C[k-2)y

{ - sum all parts of the Chebyshev expansion atmospheric model )}
POR k3= 2 to 15 DO
BEGIN
PART 1= A[Kk] * C(k]y
SUM 1= SUN + PARYT;
END}

{ —mmmememeeees Solve for the density at altitude ~—-—-=-—-w-- ]
LNR := 0.5 * (A[l] + SUM);

= EXP(LNR);

RHOALT := R * RHOO)

{ —-- Convert pressurs & density from metric units to English units }
{ --- (N/(ntm) ==> 1bf/in**2; Kkg/mt*3 =3> lbm/ft*%3) =——m—-mm }
PALt 1= PALt * 0.000145)

RhoAlt := RhoAlt * 0,.062429507;

EeND;  { Procedure Cheby }
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APPENDIX B
PASCAL SOURCE CODE

MATHEMATICAL ROUTINES




UNIT MATH;

i (* *)
. (* , *)
2 (* Module - MATH.PAS *)
: *)

Stré4 STRING(64]);

(* This Z£ile contains most of the math procedi.es and functions. *)
x *
gt ERKRARRKRARRAEAANY  NOTICE OF GOVERNMENT ORIGIN AARSRARARARARAER *;
: (* *)
3 (* This software has been developsd by an emplcoyee of the United States *)
; (* Government at the United States Alr Force Academy, and is therefore *)
> (* a work of the United States, and is NOT subject to copyright protection *)
(* under the provisions of 17 U.8.C. 105. ANY use of this work, or ‘ *)
: (* inclusion in other works, must comply with the notice provisions of *)
S (* 17 U.8.C. 403, *)
' (* *)
('k RARARRRRRARRRARRANRRARRARARARRNRARANRARAANRARRARAARRRRNRRARNARNRNS t)
g (* *
(* Current : 30 Jan 91 Capt Dave Vallado VERSION 3,0 *)
Y (* *)
! (* Changes : 25 Jan 91 Capt Dave Vallado *)
+ (* Update formatting and misc fixes *)
A (* 20 Sep 90 Capt Dave Vallado *)
3 (* AJ roots solvers and fix small *)
3 (* 20 Apr 50 Capt Dave Vallado VERSION 2.0 *)
§ (* Updated version ®)
3 (* 24 Jan 90 Capt Dave Vallado *)
3 (* Change Matzrix structure *)
. (* 4 Dec 89 Capt Dave Vallado *)
: (* Added LOG fuuctlion *)
¢ (* 8 Sep 88 Capt Dave Vallado *)
3 (* Version 1.0 *)
- (* 27 Jun 88 Capt Dave Vallado *)
3 (* Pixes to MAG calls in misc procedures *)
: (* 17 Apr 88 Capt Dave Vallado *)
[ (* Upgrade to Turbo 4.0 *)
: (* 23 Nov 87 Capt Dave Vallado *)
(* Incorporated comments for each procedure *)
* *
; (v 9
" i
3 ‘ INTERPACE
Y (* )
: TYPE
9 Vector ARRAY(1..4] of Rxtended;

Intarray = ARRAY[1l,.6) of Integer)

3 MatrisDataPtr = “MatrixData;

4 MatrixCata = RECORD

] Index s Integer;

; Number 1 Bxtended;

3 Next,Last : MatrixDataPtr)

A ENDj

: MatrixPtr = RECORD

3 NumRows ,NumCols i1 Integar;

g DPtr t MatrixDataPtr;

$ Head,Tail 1 MatrixDataPtr;

A ENDj

Lo Matrix = “MatrixPtr)

! { Misc functions for PASCAL ~--—-—==—w-—c-- }

. Function 8GN { Xval 1 BExtended ) : Extended:

F Function RealMOD ( Xval, Kodby s+ Extended ) : Extendsd;
Function Power ( Base, Pwr + Bxtended ) : Extended;

: Function Log ( XVal 1 Bxtended ) : Extended;

E

é Punction Min ( Xe ¥ s Bxtended@ ) : Extended;
Punction NMax { X ¥ s Rxtended ) : Extended;
Procedure Plana ( %1,y1,21,%2,y2,22,%3,y3,%3¢t Bxtended;

VAR a,b,c,d t Rxtended );




{ Trigonometric Punctiong ——=w—-—~~-==-=-}
Function Tan { xval + Extended ) : EBxtended;
Function Cot ,{ Xval : Extended ) : Extended;
Function Cac { Xval t Extended ) : Extended;
Function Sec { Xval : Extended ) : Extended;
Function ATan2 ( Sinvalue, CosValue + Extended ) : Extended;
Punction ArcSin { xval s Extended ) : Extended;
Function ArcCos { Xxval + Extended ) : Extended;
Function Cosh { XVal : Extended ) : Extended;
Function ArcCosh ( Xval : Extended ) : Extended;
Function Sinh { XVal : BExtended ) : Bxtended)
Punction Arcsinh { xval : Extended ) : Extended;
Function Tanh { xval + Extended ) : Extended;
Punction ArcTanh { XVal t Extended ) : Extended;
{ Vector Operatlons }

Function DOT { Vecl,Vec2 1+ Vector ) ¢ Bxtended;
Procedure CROSS { Vecl,Vec2 s Vector;

VAR OutVec t Vector )i
Procedure MAG { VAR Vec s Vector )i
Procedure NORM { Vec t Vector;

VAR OutVec 1+ Vector )
Procedure ROT1 { Vec t Vector)

XVal + Extended;

VAR OutVec 1 Vector )t
Procedure ROT2 ( Vec 1 Vector;

XVal + Extended;

VAR OutVec s Vector )
Procedure ROT3 ( Vec t Vector;

XVal + Bxtended)

VAR OutVec : Vector )3
Procedure ADDVEC ( Vecl,Vec2 s Vector);

VAR Outvac t Vector )i
Procedure ADD3IVEC ( Vecl,Vec2,Vec3 t Vactor)

VAR OutVec t Vector »
Procedure LNCOML (A : Bxtended;

Vec 1 Vector)

VAR OutVec t+ Vector )
Procedure LNCOM2 { AL,A2 + Bxtended;

Vacl,Vec2 t Vector;

VAR Outvec 1+ Vector )3
Procedure LNCOM3 ( AL,A2,A3 : Extended;

Vecl,Vec2,Vec3 1 Vector;

VAR OutVec 1 Vector )3
Procedure ANGLE { Vecl,Vec2 s Vector)

VAR rhata 1 Bxtended )

B~t}
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{

Analytic rcutines : }

{

Procedure Quadratic ( a,b,c 1 Extended;
VAR Rlr,R1i,R2r,R2i 1 Bxtended );
Procedure Cubic { a,b,c,a 1 Bxtended;
VAR Rlr,R1i,R2r,R2i,R3r,R31i: Extended );:
Procedure Quartic ( a,bsc,d,e s Extended;
VAR th,Rli,R2r,R21,R3t,R3i,
Réxr 244 s Bxtended )i
1
Matrix Operations }
Procedure InitMatrix { Rows,Cols + Integer;
VAR A 1 Matrix )¢
Procedure DelMatrix ( VAR A 1 Matrix )i
Function GetVal ( VAR A t Matrix;
Row,Col 1 Integer )1 Extended;
Procedure AssignVal { VAR A s Matrix;
Row,Col s Integer;
Number 1+ Extended )i
Procedure MatMult ( Matl,Mat2 t Matrix;
Matlr,Matlc,Nat2c t Integer
VAR Mat3 1 Matrix K]
Procedure MatAdd ( Matl,Nat2 s Matrix;
Matlr,Nuzlc 1 Integer ;
VAR Mat3 s Matrix )
Procedure MatTrans { Matl 1 Matrix;
Natlr,Matle t Integer ;
VAR Nat2 s Matrix )i
Procedure LUDeComp ( VAR LU 1 Matrix;
VAR Index t Intarray;
Order t+ Integer ]
Procedure LUBkKSub ( LU t Matrix;
Index 1 Intarray;
Order t Integer;
Var B t Matrix )i
Procedure MatlInverse { Mat t Matrix;
Order 1 Integer;
VAR NatInv t Matrix )t
Procedure PrintMat { Matl t Matrix;
Title t Strb64d )i
Function Determinant { Matd s Matrix;
Order : Integer ) 3+ Extended;
*)
IMNPLEMENTATION

*)
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FUNCTION 8GN
This Function determines the sign of a numher.
Algorithm s Set the function to 1.0 if positive, -1.0 if negative
Author " 3 Capt Dave Vallado UBAFA/DFAS 719-472-4109 18 Sep 1990
Inputs H
Xval - Value to determine sign of
OutPuts H
SGN = Result +1 or -1
Locals . H
None.
Coupling H
None.
}
FUNCTION SGN { Xval s Bxtended ) : Extended;
VAR
Temp : EXTENDED;
BEGIN
IF XvVal > 0,0 THEN
Temp:= 1.0
ELSE
Temp:= -1.0;
SGN:= Temp}
END; { Punction SGN )
{
FUNCTION RealMOD
This Function performs the MOD operation for REALs,
Algorithm 1 Assign a temporary variable
Subtract off ‘an integer number of values while the xval ls
too large
Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
i
Inputs H
Xval ~ Value to NOD
ModBy - Value to MOD with
OutPuts H
RealMOD = Result -ModBy <= Answer <= i+ModBy
Locals t
TempValue - Temporary Extended value
Coupling t
None.
}
FUNCTION RealMOD { Xval,Modby t Bxtended ) 1 Bxtended;
VAR
TempValue: Extended;
BEGIN
TempValue 1= XVal;
WHILE ABS(TempValue) > ModBy DO
TempValue:= TempvValue - INT(XVal/ModBy)*ModBy;
RealMOD:= TempValue;
END; { Punction RealMoD }
{
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to 0.0.
Algorithm

Author

Inputs
Base
Pwr

OutPButs
Power

Locals
None,

Coupling
None,

PUNCTION POWER

Thls Function performs the raising of a base to a power.
statement to eliainate problems such as a negative base, or a base equal

s If the base is positive, calculate the answer

choxwiso, write an exror

: Capt Dave Vallado USAFA/DPAS 719-472-4109

$
- Base value
- Povwer to ralise base to

H
- Result

H

Notice the IF

12 Aug 1988

FUNCTION Power

BRGIN

{ Base, Pur

IF Base > 0.0 THEN
Power := Exp( Pwr * Ln{ Base ) )

}

: Extended ) : Extended;

ELSE
BEGIN
Writeln( 'Error in Power with base = ‘',base,' and Pwr L% 7 B ¥
END;
END; { Punctlon Power }
FURCTION LOG
This Tunction performs the LOG base 10 problem,
Algorithm s If the x 1s positive, calculate the answer
Otherwise, set the answer to 0.0
Author t Haj Tom Riggs USAPA/DIAS 719-472-4109 4 Dec 1989
Inputs $
X = Value to take the Log base 10 of
OutPuts H
Log ~ Result
Locals H
Nons.,
Coupling :
None.

FUNCTION LOG
Const
Ltac
BEGIN

( Xval
: Extendsd = 0,.43429448619,

IP XVal > 0.0 THEN
Log t= Lfac*in{XVal)

ELSE
Log

1= ~1,0837

END; { Punction Log }
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FUNCTION MIN

This Function determines the minimum of 2 values.

Algorithm s+ If the x is less than y, set min to x
otherwise, set min to y
Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs :
X - Value number 1
Y - Value number 2
OutPuts 3
Min - Minimum of x or ¥
Locals H
None.
Coupling t
None.,
}
FUNCTION Min (X, Y s Bxtended ) : Extended;
BEGIN
IF X < Y THEN
Min 1= X
ELSE
Min 1= ¥
END; { Punction Min }
FUNCTION MAX
This Functlon determines the maximum of 2 values.
Algorithm + If the x is more than y, set max to x
otherwise, set max to y
Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1968
Inputs H
X - Value number 1l
Y - Value number 2
OutPuts H
Max - Minimum of % or y
Locals H
None,
Coupling s
Nonae.
}
FUNCTION Max ( X, ¥ 1 Extended ) : Extended;
BEGIN
IP X > Y THEN
Hax 1= X
ELSE
Max 1= Y

END; { Punction Max }
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PROCEDURE PLANE

This procedure calculates the squation of a plane given 3 points
ptl -~ x1,y1l,z)l, pt2 - %2,y2,%2, pt3 - x3,y3,33 , and outputs the
a b ¢ d variables describing the plane. NOTE that the general equation
of a plane is defined here ass ax + by + cx + d = 0 and the values
are obtained by solving the ordered determinant x y 2 1
xl ylal 1 =0

x2 y2 32 1
x3 y3 33 1
Algorithm t £ind the line differences for each set of points
Calculate the coefficients of ths plane
Author : Capt Dave Vallado USAFA/DPAS 719-472-4109 12 Aug 1988
Inputs H
xl,yl,zl - point ¢ 1
%X2,¥2,32 - point ¢ 2
x3,v3,23 - point § 3
OutPuts H
a,b,c,d - constants for the squation of the plane
Locals 3
223
Coupling H
Nene.,
PROCEDUPE Plane ( x1,y},21,x2,y2,22,x3,y3,23: Extended;
VAR a,b,c,d t Bxtended);
VAR

223,y23,%x23,y223,y232,%223,%x232,%y23,xy32 1 RExtended)
BEGIN
22315 22-23;
y23:= y2~y3,
X231 x2-x3;

y2231= y2*33;
Y2321 y3*32;
X223t X2%23; l
X2321= x3%22;
Xy23:1= x2%y3;
Ry32:= x3%y2;

as= yl*z23 - 21%y23 + yx23 ~ ys3;

b= x1%*223 - z1*x23 + x323 ~ %332

C:= X1%y23 - yl*x23 + xy23 - xy32)

di= x1%(y223 - y232) - yl*(xx23-x232) + 31%(xy23 -xy32);
END; { Procedure Plane }
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3 FUNCTION TAN
: ‘ This Function finds the tangent of an angle in radians.
Algorithm : If the absolute value of XVal is zero, set tan to infinity
otherwise, £ind the answer using the sine
: Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
3 Inputs :
iy XVal - Angle to take Tangent of rad
OutPuts H
g Tan - Result
. Locals s '
3 Temp - Temporary Real variable
" A Constants :
: Inifinity ~ Value to represent infinity
4 Small - Tolerance value
: ‘ )
. FUNCTION Tan { Xval + Bxtended ) : Extended;
4 CONST
g Infinity : Extended = 959999.9»
H Small t Extended = 0,000001)
' VAR
5 Temp : EXTENDED;
3 BEGIN
g Temp := Cos{ XVal );
[
; IF ABS( Temp ) < Small THEN
Tan := Infinity
ELSE
Tan t= Sin( XVal ) / Temp)
3 END; { Punction Tan }
‘ FUNCTION COT
" This Function f£inds the Cotangent of an angle {n radians.
Algorithm 1 If the absolute valus of XVal is sero, set cot to infinity
d otherwise, £ind the ansver using the tangent
f huthor t+ Capt Dave Vallado USAPA/DFAS 719-472-410% 20 Sep 1990
;; Inputs t
5 Xval - Angle to take Cotangent of rad
. OutPuts : i
. Cot - Result
- Locals :
9 Temp - Temporary Real variable
o Constants :
1 Inifinity - value to represent infinity
P ; Small - Tolerance value
: )
E FUNCTION Cot { Xval 1 Pxtended ) : Extended)
v CONST

Infinity 1 Extended = 999999.9;
Small t Extended = 0.000001;
VAR
Temp ¢ EXTENDED;
BEGIN
Temp:= Tan{ Xval );

PR OB A R iy s Sl ot ot

IP ABS( Temp ) < Small THEN
Cot 1= Infinity
ELSE
Cot := 1.0 / Temp)
eND; { Function Cot )




PUNCTION CSC
This Function finds the Cosecant of an angle in radians.
Algorithm : If the absolute value of XVal is zero. set csc to infinity
otherwise, £ind the answer using the sine

Author : Capt Dave Vallado USAPA/DFAS 719-472-4109 20 Sep 1990
Inputs H

Xval - Angle to take Cosecant of rad
QutPuts 3

Csc ~ Result
Locals s

Temp ~ Tenporary Real variable
Constants H

Inifinity - Value to represent infinity

Small - Toleranca value

}
FUNCTION Csac { Xval s Extended ) : Extended;

CONST
Infinity : Extended = 999999.9;
Small + Extended = 0.000001;
VAR
Temp : EXTENDED;
BEGIN
Temp:= Sin( XVal );

IF ABS( Temp ) < Small THEN
Csc 1= Infinity
ELSE
Csc := 1.0 / Tenp;
END; { Punctlon Csc }

FUNCTION SEC
This Punction finds the secant of an angle in radians,
Algorithm t If the absolute value of XVal is aero, set sec to infinity
otherwise, £ind the answer using the Cosine

Author s+ Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
Inputs t

Xval - Angle to take secant of rad
OutPuts :

Sec -~ Result
Locals ]

Temp - Temporary Real variable
Constants H

Inifinity - Value to represent infinity

Small - Tolerance value

}
FUNCTION Sec { XVal 1 Extended ) : Extended;

CONST
Infinity : Extended = 999999.9;
Small : Bxtended = 0.000001;
VAR
Temp ¢ EXTENDED;
BEGIN
Temp 1= Cos( Xval );

IP ABS! Temp ) < Small THEN
Sec := Infinity
ELSE
Sec 1= 1.0 / Tenp;
END; { Function Sec }




FUNCTION ATan2

FUNCTION ATAN2

This Function performs the arc tangent 2 function which resolves
quadrants. The arguments passed are the sine and cosine values.

Algorithm : Determine the quadrant using I¥ statments
If the anawer is not a sepcial case, 0, 180, etc
find the arctangent
otherwise, find the specizl case values

Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs 3

Sinvalue ~ 8ine of desired angle rad

CosValue -~ Cosine of desired value rad
OutPuts ]

Atan2 - Arctangent with resolved quadrants 0.0 to 2Pi rad
Locals L

TanArg - Temporary XZxtended Value

Quadrant - Quadrant of the answer 1234

SinInteger -~ Sign of the value +1l or -1
Constants ]

Pi 3,14159265359

TwoPl 6.28318530717959
Coupling H

None,

}

( Sinvalue,CosValue t Rxtended ) : Extended;
CONST
i t Extended = 3,14159265359;

TwoPi: Extended = 6.28318530717959;

VAR
Tanhrg + Extended)
Quadrant, S8inInteger : Integer;
BEGIN

Quadrant:= §;
IF (SinValue > 0.0 ) and (8inValue <
(CosValue > 0.0 ) and (CosValue <
quadrant:s 1)
IF (SinvValue > 0.0 ; and (8invalue <
(CosValue < 0.0 ) and (CosValue >~
quadrant:= 2)
IF (SinValue > -1.0 ) and (8inValue < 0.0
{CosValue < 0.0 ) and (CosValus >-1,0
quadrant:s 3;
IP (SinvValue > -1,0 ) and (8inValue < 0.0 ) and
{CosValue > 0.0 ) and (CosValues < 1,0 ) THEN
quadrant:s 4;
IF Quadrant <> 5 THEN
BEGIN
tanargs= arctan(8inValue/CoaValus))
IF (Quadrant < 4) and (Quadrant <> 1) THEN
tanarg:= tanarg + P4
ELSE
IP Quadrant = 4 THEN
tanarg:= tanarg + TwoPl;

) and
} THEN

e

.0
.0
.0 ) and
0 ) THEN

) and
) THEN

END
ELSE
BEGIN ( special Cases }
SinInteger:= Round(8inValue))
CASE Sininteger OF
-1 3 TanArg:= 3.0*Pi/2.0y
0 : IP ROUND{CosValue) > 0.0 THEN

TanArg:s 0,0
ELSE
Tankrg:i= Pl)
1 &+ TanArg:= P1/2.0;
END; { Case }

ENDj
ATan2:= tanarg;
ENDy { Punction Atan2 }




FUNCTION ARCSIN

This function evaluates Arc Sine using the standard Arc Tangent function.

Author + Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Algorithm t If the absolute value of the argument (XVal) is less than 1.0
find the answer using the ARCTAN function
else

If the absolute value of the argument (XvVal) is very close to 1.0
If xval is positive
the answer = 90 degrees

else
the answer = -90 degrees .
else
write an error message to the screen
Inputs H
Xval - Angle value -1.0 to 1.0 rad
1
OutPuts H
ArcSin - Result ~Pi/2 to Pi/2 rad
Locals H
Temp -~ Temporary Extended Value
Constants H
P} - Pl
Small - Tolerancs
Coupling s
None.
)
FUNCTION ArcSin { XVal t Extended ) : Extended;
CONST

Small : Extended = 0,000001;
Pl t Extended = 3,14159265359;
VAR
Temp : Extended;
BEGIN
IF ABS( XVal ) < 1,0 THEN
Temp:= ArcTan( XvVal / SQRT(1.0 -~ XVal*Xval) )
ELSE
IF ABS(XVal)=-l.0 < Small THEN
IF XvVal > 0.0 THEN
Temps= PY{ /2,0 { Xxval = 1.0}
ELSE
Temp:= =-Pi / 2,0 { xval = -1,0 }
ELSE
Writeln( ‘Brror in Arc8in argument = ',XVal ),

ArcS8ini= Temp;
( END; { Functlon Arcsin )




FUNCTION ARCCOS
This function evaluates Arc Cosine using the ArcSin function,

Algorithm : If the absolute value of the argument (XVal) is less than 1.0
find the answer using the ARCTAX function
else
If the absolute value of the argument (XVal) is very close to 1.0
If XVal is positive '
the answer = 90 degrees
else
the answer = -90 degrees

else
write an error messige to the screen
Author : Capt Dave Vallado USAYA/DPAS 719-472-4109 12 Aug 1988
Inputs $
Xval ~ Angle Value ~1.0 to 1.0 rad
OutPuts H
ArcCos - Result ' 0.0 to Pi rad
Locals H
Temp - Temporary Extended Value
Constants t
Pl - Pi
Small - Tolerance
Coupling $
ARCSIN Sine of an angle in radians
}
FUNCTION ArcCos ( Xxval 1 Extended ) : Extended;
CONST
Small : Extended = 0,.000001;
Pl 1 Extended = 3,.14159265359;
VAR
Temp ¢ Extended;
BEGIN
IP ABS(XVal) < 1,0 THEN

BEGIN
Temp:= ArcSin{ SQRT(1.0 -~ XVal*Xval) );
IF XvVal < 0.0 THEN
Tempi= Pl - Temp;
END
ELSE
IF ABS(XVal)~l.0 < Small THEN
IF XvVal > 0.0 THEN

Temp:= 0.0 { xvar = 1,0
ELSE
Temp:= Pl { xva1 = -1.0 }
ELSE

Writeln( 'Error in ArcCos argument = ‘,XVal );

ArcCos:= Temp)
eND; { Punction ArcCos )}
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FUNCTION CQSH
This function evaluates the hyperbollc cosine function.
Algorithm s+ Calculate the answer
Author : Capt Dave Vallado USAFA/DFAS 719~-472-4109 20 Sep 1990
Inputs s
Xval ~ Angle value any real
OutPuts H
Cosh - Result 1.0 to Infinity
Locais :
None.
Coupling :
None.
}
FUNCTION Cosh ( Xval : Extended ) : Bxtended;
BEGIN

Coshi= 0,5%( EXP(XVal) + BJLP(-XVal) ),
eND; { Function Cosh }

FUNCTION ARCCOSH

| tnis function evaluates the inverss hyperbolic cosine function.

slgorithm t If XVal squared - 1 is less than zero, set to undefined
Author t Capt Dave Vallado USAFPA/DFAS 719-472-4109 20 Sep 1990
Inputs :
Xval - Angle Value 1.0 to Infinity
OutPuts t
ArcCosh - Result any real
Locals t
Temp = Temporary Extended Value
Constants :
Undefined - Plag valus for an undefined quantity
Coupling :
None.
}
PUNCTION ARCCosh { Xval t Extended ) 3 Extended)
CONST
Undefined : Extended = 999999.1;
VAR
Temp : Bxtendeds
BEGIN
IF XvaltXval - 1.0 < 0.0 THEN
EEGIN

Temp:= Undefined;
WriteLn( 'Brror in ArcCosh Function ' );

ELSE
Tenp:= LN( XVal + SQORT{ XValt*xXval - 1.0 ) )3

ArcCosh:= Temp;
END; { Punction ArcCosh )
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FUNCTION SINH
This function evaluates the hyperbolic sine function.
Algorithm t Calculate the anaver
Author t Capt Dave Vallado USAFA/DPAS 719-472-4109 20 Sep 1990
Inputs [
XVal - Angls Value any real
OutPuts H
Sinh - Result any real
Locals :
None.
Coupling H
‘ None.
}
FUNCTION Sinh { XVal : EBxtended ) : Extended;
BEGIN
Sinh:= 0.5%( EXP(XVal) - EXP(-XVal) );
END; { runction Sinh }
FUNCTION ARCSINH
This function evaluates the inverse hyperbolic sine function.
Algorithm t Calculate the answer
Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
Inputs H
Xval - Angle Value any real
OutPuts 3
ArcSinh - Result any real
Locals H
None.
Coupling :
None.
)
FUNCTION ARCSinh { XvVal + Extended ) : Extended;
BEGIN

ArcSinhi= LN( XVal + SQRT( XVal*XvVal + 1.0 ) );

( END; { Function ArcSinh }




\
J
1UNCTION TANH
This function evaluates the hyperbolic tangent function.
Algorithm t Calculate the answer
Author s Capt Dave Vallado UCAFA/DPAS 719-472-4109 20 Sep 19590
Inpiits :
Xval ~ Angle Value any real
OutPuts H
Tanh - Raesult -1,0 to 1.0
Locals s hd
None.
Coupling s
None,
K
}
FUNCTION Tanh . { XvVal t Extended ) : Bxtended;
BEGIN
Tanh:= ( EXP(XVal) - EXP(-XVal) ) / ( EXP(XVal) + EXP(-XVal) ):
END; { Function Tanh }
FUNCTION 7RCTANH
This function evaluates the inverse hyperbolic tangent function.
Algorithm : Check for divide Ly zero and write error
Calculate the answer if possible
Author ¢t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990 ’
Inputs H
XVal ~ Angle Value ~1,0 to 1.0
QutPuts :
ArcTanh - Result any real
Locals :
Temp ~ Temporary "xtended Value
Constants t
Small - Tolarance
Undefined - Plag value for an undefined quantity
Coupling 3
None.
)
FUNCTION ARCTanh { XVal : EBxtended ) : Bxtended;
Const
Small + Extended = 0.000001 v
Undefined: Bxtended = 999999.1;
VAR
Temp : Extended;
BEGIN
IF 1.0 ~ ABS(XVal) < Small THEW “
BEGIN
Temp:= Undefined;
WriteLn( 'Error ln ArcTanh Punction ' );
END
ELSE

Temg:= 0.5 * LN( (1.0 + XVal) / (1.0 - XVal) );

ArcTanh:= Temp;
END; { Functlion Arctanh }

| o
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FUNCTION DOT
This Functlon finds the dot product of tv , vectors.
Algorithm : Calculate the answer directly
Author : Capt Dave Vallado USAFPA/DPAS 719-472-4109 12 Aug 1988
Inputs s
Vecl - Vector number 1
Vec2 - Vector number 2
OutPuts H
Dot - Result
Locals :
None.
Coupling [
None.
)
FUNCTION DOT { Vecl,Vec2 3 Vector ) : Extended;
BEGIN
DOT:= Vecl{l)*Vec2{l) + Vecl([2])*Vec2(2] + Vecl{3]*Vec2(3]);
END; { Punction Dot }
PROCEDURE CROSS
This procedure crosses two vectors.
Algorithm s Calculate aach vector component
Find the magnitude of the answer
Author + Capt Dave Vallado USAPA/DFAS 719~472-4109 12 Aug 1988
Inputs t
Vecl - Vector number 1
Vec2 - Vgctor number 2
OutPuts H
outvec - Vector result of A x B
Locals 1
None.
Coupling :
MAG Magnitude of a vector
)
PROCEDURE CROSS { Vecl,Vec2 1 Vector:
VAR OutVec 1 Vector )
BEGIN
OutVecll)s= Vecl(2)*vec2{3)~Vecl(3]tVec2(2])

OutVec[2]:; Vecl{3]*Vec2{1]-Vecl(l)*vec2(3}y
OutVec{3]:= Vecl[1l)*Vec2{2)-Vecl{2}*Vac2(1l],

MAG( QutVec )i
END; { Procedure Cross }
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This procedure finds the magnitude of a vector.

PROCEDURE MAG

The tolerance is set to

0.000001, thus the 1.0E-12 for the squared test of underflows.

Algorithm : Find the squared sum of the tsrms
Check to be sure there is no SQRT of 0.0
Author + Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
Inputs :
Vec - Vector
OutPuts H
Vec - Ansver stored in fourth component
Locals H
None,
Coupling t
None.
PROCEDURE MAG ( VAR Vec 1 Vector );

VAR Temp: Extended)

BEGIN

Temp:= Vec[1l)*Vac{l)]) + Vec[2)*Vec(2) + Vec(3])*Vec(3)

IF ABS( Temp ) >= 1,0E-12 THEN

Vec(4])s=

ELSE

Vec(4]:=
{ Procedure Mag }

END)

SQRT( Temp )
0.0

PROCEDURE tHORM

Thls Procedure calculates a unit vector given the original vector. If a
zero vector is input, the vector is set to zero.
Algorithm + Find the magnitude of the input vector if not done
Check if the magnitude is greater than zero
Author + Capt Dave Vallado USAFA/DPAS 719-472-4109 21 Aug 1988
Inputs H
Vec - Vector
OutPuts :
OutVec - Unit Vector
Locals H
i = Index
Constants :
Small - Tolerance factor
Coupling '
MAG HMagnitude of a vector

PROCEDURE NORM

CONST

( Véc
VAR t° tVec

3 Vector)
t Vector )i

Small : Extended = 0.000001;

VAR

H + INTEGER)

BEGIN
HAG( Vec }):

IP Vec(4) > Small THEN
FOR 1:5 1 to 4 DO
OutVecli):= Vecli}/Vec(4]

ELSE

POR .13 1 to 4 DO
outvec{i):= 0.0;

END;

{ Procedure Norm }
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PROCEDURE ROTL
This procedure performs a rotation about the lst axis,
Algorithm ¢ Store 3rd component for later use
Calculate Sine and Cosine values to make more efficient .
Find the new vector

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs s

Vec - Input vector

XVal - Angle of rotation rad
OutPuts H

OutVec - Vector result
Locals H

c - Cosine of the angle XvVal

s - Sine of the angle Xval

Temp - Temporary Bxtended value
Coupling H

None.

}
PROCEDURE ROT1 ( Vec s Vector;
XVal 1 Bxtended:
VAR OutVec s Vector ),
VAR
c, s, Temp : Extended;

BEGIN

Temp:= Vecl[3))
ct= cos( XvVal );
s:2 sin{ Xval );

OutVec([3):= c*Vec([3] - s*Vec(2);
OutVec[2]):= c*Vec(2) + s*Temp;
outVec[l]):= Vec{l]y
outVec{d):= Vec{4d);

END; { Procedure Rotl }
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PROCEDURE ROT2
This procedure performs 2 rotatlon about the 2nd axis.
Algorithm ¢ Store 3rd component for later use
‘ Calculate Sine and Cosine values to make more efficient
Pind the new vector

Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs 3

Vec ~ Input vector

Xval ~ Angle of rotation rad
OutPuts s

OutVec = Vector result
Locals H

c ~ Cosine of the angle XVal

s - 8ine of the angle XVal

Temp - Temporary Rxtended value
Coupling 3

None.

PROCEDURE ROT2 ( Vec t Vectorn;
XVal s+ Extended;
VAR OutVec s Vector )y

VAR

c, s, Temp : Bxtended)
BEGIN
Temp:= Vec[3);
ci= cos{ XvVal );
2:= sin( ¥val );

OutVec[3):= c*Vec(3) + stVec{l});
OutVec[l):= ct*Vec{l) - s*Temp;
OutVec{2):= Vec([2);
OutVec(4):= Vec{4);

END; { Procedure Rot2 }




Algorithm

Author

Inputs
Vec
Xval

OutPuts
OutVec

Locals
c
s
Temp

Coupling
None.

.
:

PROCEDURE ROT3

This procedure performs a rotation about the 3rd axis.

Store 2nd component for later use
Calculate Sine and Cosine values to make more efficlent
Pind the new vector

Capt Dave Vallado USAPA/DFPAS 719-472-4109 12 Aug 1988

Input vector
Angle of rotation rad

- Vector result

| I I

Cosine of the angle XVal
Sine of the angiy XVal
Temporary Extended value

PROCEDURE ROT3

VAR

( Vec s Vector)
Xval 1 Bxtended;
VAR OutvVec t Vector )

c, 8, Temp : Extended;

BEGIN

Temp:= Vaec{2);

ci= cos( XVal );
s:= sin( XVal );

outvVec{2):= c*vec[2) - s*Vec[l];
c*Vec[l] + s*Temp)
OutVec[3):= Vec[3];
OutVec[41:= Vec[4)y
END; { Procedure Rot3 }

OutVec{l):=

B-17




Algorithm

Author
Inputs
Vecl
Vec2

OutPuts
OutVec

Locals
i

Coupling
MAG

4

3

t

3

PROCEDURE ADDVEC

This procedure adds two vectors.

Loop to f£ind each cosponent
Pind the magnitude of the vector

Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988

Vector number 1
Vector number 2

Vector result of A + B

Indax

Magnitude of a vector

PROCEDURE ADDVEC
VAR

i : Integer;

BEGIN

{ Vecl,Vec2
VAR OutvVec

FOR i:=1 to 3 DO
OutVec[i):= Vecl{i]} + Vec2[i);

MAG( OutVec );

END;  { Procedure Addvec }

t Vector;
s Vector )

Algorithm

Author
Inputs
Vecl
Vec?2
Vec3

OutPuts
OutVec

Locals

Coupling
MAG

PROCEDURE ADD3VEC

This procedure adds three vectors.

Loop to £ind each coaponent
Pind the magnitude of the vector

Capt Dave Vallado USAFA/DPAS 719-472-4109 12 Aug 1988

Vector number 1
Vector number 2
Vector number 3

Vector result of Vecl + Vec2 + Vec3

Index

Magnitude of a vector

PROCEDURE ADD3VEC

VAR

i : Integer;

BEGIN

( Vecl,Vec2,Vec3
VAR OutvVec

POR i:=l to 3 DO
OutVec{il:= Veclli) + Vec2{i) + Vac3(i);

MAG( OutVec );

END; { Procedure Add3vVec }

{

1 Vecton)
s Vector )i




PROCEDURE LNCOM1

This procedure calculates the linear combination of a vector
multiplied by a constants.

Algorithm + Loop to £ind each combination
Find the magnitude of the vector

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H
Al ~ constant number
Vec - Vector number
OutPuts H
OutVec - Vector result of Al*Vecl + A2*Vec2
Locals H
i - Index
Coupling :
MAG Magnitude of a vector

PROCEDURE LNCOM1 (A s Bxtended;
Vec t Vector;
VAR OutVec 3 Vector });
VAR
i 1 Integer;
BEGIN

POR it= 1 to 3 DO
outVec(i)s= A*vec(i]y
MAG( OutVec );
END; { Procedure LnComl }

PROCEDURE LNCOM2

This procedure calculatas the linear combination of two vectors
multiplied by two different constants.

Algorithm + Loop to tind each combination
Pind the magnitude of the vector

Author s Capt Dave Vallado USAFA/DPAS 719-472-4109 12 Aug 1968
Inputs :
Al - constant number 1
A2 - constant number 2
Vecl =~ Vector number 1
Vec2 - Vector number 2
OQutPuts H
OutVec - Vactor result of Al*Vecl + A2*Vec2
Locals 3
- Index .
Coupling s
MAG Magnitude of a vector
PROCEDURE LNCOM2 { Al,A2 1 Extended;
Vacl,Vec2 t Vector;
VAR OQutvec t Yector )y
VAR
{ : Integer;
BEGIN

POR {:= 1 to 3 DO
OutVac([i):= al*Vecl{i) + a2tvec2{i]y
MAG({ OutVec );
END; { Procedure LnCom2 }
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PROCKDURE LNCOM3

This procedure calculates the linear combination of three vectors
multiplied by three different constants.

Algorithm t Loop to £ind each combination
Prind the magnitude of the vector

Author 3 Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H
Al - constant number 1
A2 - constant number 2
A3 - constant nusber 3
Vecl - Vector nusber 1
Vec2 ~ Vector number 2
vVec3 - Vector number 3
OutPuts s
Outvec — Vector result of Al*Vecl + A2*Vec2 + A3*Vec3
1
Locals H
i - Index
Coupling H
MAG Magnitude of a vector
PROCEDURE LNCOM3 { AL,A2,A3 t Bxtended)
Vecl,Vec2,Vec3 1 Vector;
VAR OutVec § Yector );
VAR

i : Integer;
BEGIN
FOR {:= 1 to 3 DO
OutVec({i):= al*vecl{i]) + a2tVec2(i]) + a3*Vec3{i];
MAG( OutVec );
END; { Procedure LnCom3 }




PROCEDURE ANGLE

this at the output phasse.

This procedure calculates the angle between two vectors,
set to 999999.1 to indicate an undefined value.

The output is

Be SURE to check for

Algorithm + Check the denominator for a divide by zsero
Check for exactly 1.0 or -1.0 to avold ArcCosine problems

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 14 Sep 1990
Inputs t

Vecl - Vector number 1

Vec2 - Vector number 2
OutPuts H

Theta - Angle between the two vectors -Pi to P{
Locals H

Teinp - Temporary RRAL variable
Constants 3

Undefined - Undefined flag for a variable

Small - Tolerance factor
Coupling t

Dot Dot Product of two vectors

ArcCos Arc Cosine function

PROCEDURE ANCLE { Vecl,Vec2 t Vector;
VAR Theta s Extended )

CONST

Small t Bxtended = 0,000001;
Undefined: Extended = 999999.1)
VAR
Temp t Extended;
BEGIN
IF Vecl(4)*Vec2(4) > SQR({Small) THEN
BEGIN

Temp:> DOT(Vecl,Vec2) / (Vecl{4)*Vec2{4));
IF ABS( Temp ) > 1.0 THEN
Temp:s SGN(Temp) * 1.0

Thetai= ARCCOS( Temp )3

END

ELSE
Thetai= Undefined;

END; ( Procedure Angle
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PROCEDURE QUADRATIC

This procedure solves for the two roots of a quadratic equation. There are
no restrictions on the coefficients, and imaginary results are passed
out as separate values. The general form is y = ax2 + bx + c.

Algorithm : Initlalize all values
Pind discriminate
Use discriminate value to separate the root calculations

Author t Capt Dave Vallado USAFPA/DFAS 719-472-4109 18 Jun 1990
Inputs H
a = Cosfficlent of x squared term
b ~ Coefficlent of x term
c = Constant
OutPuts H
Rlr ~ Real portion of Root 1
R1i ~ Imaginary portion of Root 1
R2r - Real portion of Root 2
R21 ~ Isaglinary portion of Root 2
Locals H
Discrim — Discriminate b2 - dac
Constants H
None.
Coupling H
None.
References )
Escobal P9, 433-434
}
PROCEDURE Quadratic ( a,b,¢ t Extended;
VAR Rlr,R1{,R2r,R2{ s Bxtended j;
VAR
Discrim 1 Rxtended;
BEGIN
{ Initialize )
Rlr:= 0.0;
Rli:= 0.0y
R2r:= 0,0,
R211= 0.0,
Discrim:= bt*b - 4.0%arc)
Real roots )

IF Discrim > 0.0 THEN
BEGIN
Rlrs= ( ~b + SQRT(Discrim) ) / ( 2.0%*a )}
R2ri= ( -b - SQRT(Discrim) ) / ( 2.C*a )y

END
ELSE
Complex roots }
BEGIN
Rlrs= -b / ( 2.0% );
R2r:s Rlrg

Rli:= SQRT(-Discrim) / { 2.0%a );
R2i:1= ~-SQRT(-Discrim) / ( 2.0%a )y
BND;
END; ( Procedure Quadratic }




PROCEDURE CUBIC

This procedure solves for the three roots of a cubic equation. There are
no restrictions on the coefficients, and imaginary results are passed
out as separate values. The general form is y = ax3 + bx2 + cx + 4. Note
that R1i will

Algorithm

Author

Inputs
a
b
c
4

OutPuts
Rlr
Rli
R2r
R21
R3r
R3i

Locals
Templ
Temp2
Rootl
Root2
Root3
P
Q

R
Delta
X0
Phi
CosPhi
SinPhi

Constants
Rad
Small
OneThird

Coupling
ATAN2

References
Escobsl

2N T N NN N N U N SN U AT R NN NN B N AR B B 1 84 e

ALWAYS be ZERO since thers is ALWAYS at least one REAL root.

Initialize variables
Pind correct coeffcients for the form of solution
IF Delta is positive

IF Delta is zero

else
£ind answers where Delta is negative

Capt Dave Vallado USAFA/DPFAS 719-472-4109 18 Jun 1990

Coefficient of x cubed term
Coefficient of x squared term
Coefficient of x term
Constant

Real portion of Root 1

Imaginary portion of Root 1

Real portlon of Root 2

Imaginary portion of Root 2

Real portion of Root 3 !
Imaginary portion of Root 3

Temporary value

Temporary value

Temporary value of the root

Temporary value of the root

Temporary value of the root

Coefficlent of x aguared term where x cubed term is 1.0
Coefficient of x term where x cubed ters is 1.0
Coefficlent of constant term where x cubed term is 1.0
Discriminator for use with Cardans formula

Angle holder for trigonometric solution

Angle used in trigonometric solution

Cosine of Phi

S8ine of Phi

Radians per degree
Tolerance factor
1.0/3.0

Arctangent including check for 180-360 deg

pg. 430-433
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}
PROCEDURE Cubic { a,b,c,d + Extended;
VAR Rlr,Rli,R2r,R2i{,R3r,R3{: Extended );
CONST
Rad : Extended = 57,29577951308230;
OneThird : Bxtended = 1.0/3.0;
Small s Extended = 0,000001;
VAR
templ, tempZ, Rootl, Root2, Root3, P, Q: R, Delta,
B0, CosPhi, SinPhi, Phi : Extended;
BE({SIN

Initialize }

Rlr := 0.0;
Rl 3= 0.0y
R2r = 0.0;
R2i = 0.0;
R3r := 0.0;
R31L := 0,0;
Rootl:= 0.0;
Root2:= 0,0;
Root3:= 0,0;

P:= B/A;
Q:= C/A;
R:= D/A;

a:= OneThird*( 3,0%Q ~ P*p );
b:= (1,0/27.0)%( 2.0%P*P*P - 9,0%P*Q + 27.0%R )}

Delta:= (a*a*a/27.0) + (b*b/4.0);

{ Use Cardans formula }
IF Delta > Small THRM
BEGIN
Tenpli= (~b*0.5)+8QRT(Delta))
Temp2:= (~b*0,5)~B8QRT(Delta);
IF ABS(Templ) > Small THEN
Templi= SGN(Templ)*POWER{ SGN({Templ)*Templ,OneThird );
IF ABS(Temp2) > Saall THEN
Temp2:= SGN(Temp2)*POWER( SGN(Temp2)*Temp2,0neThird );
Rootl:= Templ + Temp2;
Root2:= -0,5*(Templ + Temp2);
Root3s= =0.5*(Templ + Temp2))
R2ls= ~0,5%8QRT( 3.0 )*(Templ ~ Temp2);
R3is= -R2i,
END

L e Rvaluate sero point }
BEGIN
IF ABS( Delta ) < Small THEN
BEGIN
IF ABS(b) > Small THEN
BEGIN
Rootl:= ~-8GN(b)*2,0*POWER( SGN(b)*b/2.0,0neThird );
Root2:= SGN(b)*POWER( 8GMN(b)*b/2.0,0neThird );
Root3:= Root2)
END;
{ else let them be 0.0 since b is 0,0 }
END

ELSE
{ ~mmmmeeeaeeee Use trigonometric identities —--—=eeew—ewceeu- }
BEGIN
A1) t= 2.0*SQRT(~-a*OnsThird);

CosPhi:= (-b/(2.0%SQRT(~ata*a/27.0)) );
8inPhii= SQRT( 1.0-CosPhi*CosPhi ),
Phi t= ATAN2{ 8inPhi,CosPhl )
Rootl:= EO*Cos( Phi*OneThird );
Root2:= B0*Cos( Phi*OneThird + 120.0/Rad );
Root3i= BO*Cos( Phi*OneThird + 240.0/Rad );
END;,
END;

Rlr:= Rootl - P*OneThird;

R2r:= Root2 - P#OneThird;

R3r:= Root3 - P*OneThird;
END; { Procedure Cubic }




-

PROCEDURE QUARTIC

This procedure solves for the four roots of a quartic equation. There are
no restrictions on the coefficients, and imaginary results are passed
out as separate values., The general form is y = ax4 + bx3 + cx2 + dx + e.

Algorithm
Author

Inputs

oOQLOUD

OutPuts
Rlr
R1i
R2r
R2{
R3r
R3i
RAr
R4i

Locals
Templ
Temp2
Rootl
Root2
Root3
s
h
hsqr
hCube
P
Q
R
Delta
EQ
Phi
CosPhl
SinPhi
RPrime
Temp
Bta
Beta

Constants
Rad
Small
OneThird

Coupling
ATAN2

References
Escobal

:

Capt Dave Vallado USAFA/DPAS 719-472-4109 18 Jun 1990

Coeficient of x fourth term
Coefficient of x cubed term
Coefficient of x squared term
Coefficient of x term
Constant

LI T T B

Real portion of Root 1
Imaginary portion of Root 1
Real portion of Root 2
Imaginary portion of Root 2
Real portion of Root 3
Imaginary portion of Root 3
Real portion of Root 4
Imaginary portion of Root 4

L I IO T I I A R A

Temporary value

Temporary value

Temporary value of the root

Temporary value of the root

Temporary value of the root

alternate variable

Temporary value

h squared

h Cubed

Term in auxillary equation

Term in auxillary equation

Term in auxillary equation

Discriminator for use with Cardans formula
Angle holder for trigonometric solution
Angle used in trigonometric solution
Cosine of Phi

Sine of pPhi

Values of roots before final work
Temporary variable in £inding MAX RPrime
Constant coefficlent in quadratic solutions
Constant coefficient in quadratic solutions

Radlans per degree
Tolerance factor
1,0/3.0

LI I

Arctangent including check for 180-360 deg

pg. 430-433
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PROCEDURE Quartic ( a,b,c,d,e : BExtended;
VAR th,Rll,RZt,RZl,R3r,R3i,

. R4r,R41 + Extended )i
CONST
Rad s Extended = §7.29577951308230;
OneThird : Extended = 1.0/3.0;
Small s+ Extended = 0.000001;

VAR
Templ, 'l'emp2, Rootl, Root2, Root3, t 13 h, P, Q, R, D.lta; RO,
CosPhi, SinPhi, Phi, RPrime, hSqr, HCube, Eta, Beta, temp : Bxtended;
BEGIN
( Initialize }

Rlyr
Rii
R2r
R2i
R3r
R3i
R4rx
R4i

e o4 oo a2 40 oo o0 ee
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o o © & © & o & o & o

'

{ —~ommmmmmee rorce coefficients into std form ———-------c-a-n }
bi= B/A;
ci= C/A;
d:= D/A;
e:1= E/M;

Hi= ~b/4;
HSqr:= SQR( H )
HCube:= HSqr * H;

Pi= 6.0%HSqr +
Q:= 4.0%*HCube + 3,0*b*HSqr +
R:= h*HCube + b*HCube + c*HBqr +

3.0*b*h + )
2.0%c*h + Q)
d*h + e;

as= (1.0/ 3.0)*( -P*P-12,0%R );

b= (1.0/27.0)*( —-2.0%PAP*P+72.0*P*R~27.04Q%Q );
s1= =(2.0/ 3.0)*P;

Deltas= (a*a*a/27.0) + (b*b/4.0);

IF ABS(Q) > Small THEMN
BEGIN

Use Cardans formula =-- }
y IF Delta > Small THEN
BEGIN
Templ:= (-b*0,5)+8QRT(Delta);
Temp2:= (~b*0.5)-8QRT(Delta);
IF ABS(Templ) > Small THEN
Templi= SGN(Templ)*POWER{ SGN(Templ)*Templ,OneThird );
IF ABS(Temp2) > Small THEN
Temp2:= SGN(Temp2)*POWER( SGN{Temp2)*Temp2,0neThird ),
Rootl:= Templ + Temp2;
Root2:= -0.5%(Templ + Temp2);
Root3:= -0.5%(Templ + Temp2);
R2i3= -0,5%*SQRT( 3.0 )*(Templ - Temp2);
R3i:= -R2};
END

{ —mommemmmsce e Evaluate zero point )}
BEGIN
IF ABS( Delta ) < Small THEN
BEGIN
IF ABS(bh) > Small THEN
BEGIN
Rootl:= -SGN(b)*2.0*POWER( SGN(b)*b/2.0,0neThird );
Root2:= SGN(b)*POWER( SGN(b)*b/2.0,0neThird );
Root3:= Root2;
END)
{ else let them be 0.0 since b is 0,0 }

{ —~emmmmmm e Use trigonometric ldentities —-=~e-—-—-m-uo- )

20 1= 2.0*SQRT(~a*OneThird);
CosPhis= (~b/(2.0*SQRT(-a*ata/27.0)) )
SinPhis= SQRT( 1.0-CosPhi*CosPhi );
Phi 1= ATAN2{ SinPhi,CosPhi );
Rootl:= RO*Cos( Phi*OneThird ),
Root2:= EQ0*Cos{ Phi*OneThird + 120.0/Rad );
Root3:= BO*Cos( Phi*OneThird + 240.0/Rad );
END;
END;




{ ——mmememm e Find largest value of root : }
RPrime:= Rootl+s;
IF (RPrime < Root2+s) and (ABS(R21)<0.0001) THEN
RPrime:= Root2+s;
IF (RPrime < Root3+s) and (ABS(R31)<0,0001) THEN
RPrime:= Root3+sy

{ =ome=e- Bvaluate coefficients of two resulting Quadratics ---- }
IF RPrime > Small THEN
BEGIN
Eta := 0.5%( P + RPrime - (/SQRT(RPrime) )
Betai= 0.5%( P + RPrime + Q/SQRT(RPrime) )i
END
ELSE
BEGIN
Eta := 0.5*P;
Beta:= 0.5%P;
END)

Quadratic( 1.0, SQRT(RPrime),Rta, Rlr,R1i,R2r,R2i );
Quadratic{ 1.0,-SQRT(RPrime),Beta, R3r,R3{,R4r,R4i )y

END { If Q > Small }

BELSE

BEGIN

{ === Case where solution reduces to a quadratic —--——-----}

Quadratie( 1.0,P,R, Rlr,R1li,R2r,R2{ )y
Rlrs= SQRT( Rlx )i |
Rlit= SQRT( Rli )y
R2r:= SQRT( R2r ):
R2i:= SQRT( R2i );
R3r:= -Rlr;
R31:= -Rli;
Rdrs= -R2r;
Rdls= -R2{;

END;

Rlr:= Rlr + h;
R2r:= R2r + h;
R3ri= R3r + sy
R4r:= R4r + h;
END; { Procedure Quartic }
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PROCEDURE INITMATRIX

This procedure initializes the matricies in pascal. Notice the use of a
record structure. This allows for arrays to be as large as needed,
provided memory exists. Also note each time this is called, NEW is
invoked. Thus, you can have Heap and memory problems if you don't use
DelMatrix to clear the pointer valuel!

i
Algorithm ¢ Loop through the Rows
Loop through the cols
Assign a NEW pointer and all record fields
Build the doubly linked list of pointers

Author t Capt Dave Vallado USAPA/DPAS 719-472-4109 24 Jan 1990
Inputs H
Rows - Number of rows for the matrix

Cols - Number of columns for the matrix
OutPuts H
A ¢+ = Matrix to be initlalized
Locals H
- Index
3 - index
NextData - PTR to next data value
Constants H
None.
Coupling s
None.,
PROCEDURE InitMatrix { Rows,Cols 1 Integer;
VAR A s Matrix )y
VAR
1,3 1 Integer;
NextData : MatrixDataPtr;
BEGIN
NEW( A )
A" .NumRows:= Rows;
A" .NumCols:= Cols)
A".DPtr 1= NIL;
A" .Head t= NIL;
A%.Tall 1= NIL
FOR {:=1 to Rows DO
BEGIN
FOR ji1= 1 to Cols DO
BEGIN
New( NextData );
With NextData” Do
BEGIR
Index t= (1-1)*A",NumCols + J;
Number:= 0.0;
Next 1= NIL;
Last 1= NIL)
END;
IF A”.DPtr = NIL THEN
BEGIN
NextData”.Last:= NIL;
A" Head 1= NextDataj
BND
ELSE
BEGIN

NextData®.Last:= A",Tail;
A®.Tall”.Next 1= NextData;

END;
A®.Tall t= NextData)
A®.Tall” Nextiz NIL;
A" .DPtr 1= NextData;
END;

END;

END; { Procedure InitMatrix }
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PROCEDURE DELMATRIX
This procedure deletes a matrix in pascal. Notice the use of a
needed, or vwhen they will be created again.
Algorithm t Start at the head of the pointer list
Loop while not pointing to NIL

Dispose of each pointer
Dispose of the last pointer

record structure. It's important to clear the values when no longer

Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Oct 1989
Inputs 3
A - Matrix to be deleted
QutPuts H
A - Pormer Matrix
Locals s
i - Index
3 ~ index
Temp - PTR to data value
NextTemp - PTR to next data value
Constants : )
None., . !
Coupling s
None,
PROCEDURE DelMatrix { VAR A s Matrix );
VAR
1.3 + Integer;
Temp,NextTemp : MatrixDataPtr;
BEGIN

Temp 1= A",Head;

WHILE Temp”.Next <> NIL DO
BRGIN
NextTemp:= Temp”.Next)
DISPOSE( Temp );
Temp:= NextTemp)
END;

DISPOSE( Temp )

DISPOSE( A );
END; { Procedure DelMatrix }
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PFUNCTION GETVAL
This function gets a value from the record structure. The function is
necessary to decode the data. 1It's set up to resemblo the standaxd
array format, however, ['s are replaced by ('s.
Algorithm s Pind the index where you desire to get data
Loop forward or backward to the desired index
Assign the value
Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 24 Jan 1990
Inputs :
A - Matrix
Rows =~ Row number of desired element
Cols - Col number of desired slement
|
QutPuts H
GetXval - Value of the Row,Col point
Locals H
i - Index
b] - index
Constants 1
None.
Coupling :
None.
)
FUNCTION GetVal { VAR A t Matrix;
Row,Col t Integer ) : Extended;

VAR

1,9 :+ Integer;

BEGIN

Ji= (Row-1)*A*.NumCols + Col;

WHILE ( §J > A".DPtr".Index ) and ( A".DPtr".Next <> NIL ) DO
A" .DPtri= A".DPtr".Next;

WHILE ( j < A",DPtr".Index ) and ( A".DPtr”*.Last <> NIL ) DO
A®.DPtri= A”,.DPtr".Last;

GetVali= A".DPtr” .Number;

END; { Function Getval}

(




This procedure a
array format,

Algorithm :

Author H

Inputs
A
Rows
Cols
Number

11 1)

OutPuts
A

Locals
i
j -

Constants
None.

Coupling :
None.

PROCEDURE ASSIGNVAL

ssigns a value to the record structure. This is

necessary to decode the data. 1It's set up to resemble the standard

however, ['s are replaced by ('s.

Call getval to get the pointer at the correct index location
Assign the value to the pointer variable record fieid

Capt Dave Vallado USAFA/DFAS 719-472~4109 24 Jan 1990

Matrix

Row number of desired element

Col number of desired element

Value to assign at the desired location

- Matrix

Index
index

PROCEDURE AssignVal

VAR

}
( VAR A t Matrix;
Row,Col t Integer;
Number t Bxtended );

Temp 3 Extended;

BEGIN
Temp:= GetVal{

A,Row,Col ),

A" .DPtr” ,Number:= Number)

END; { Procedur

@ Assignval }

b - — -




PROCEDURE MatMult
Thls procedure multiplies two matricies together.

Algorithm : Initialize the pointers for the result matrix
Loop through the Rows
Loop through the Cols
Loop through an index
Multiply and add up each cell value

Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs
Hatl Matrix number 1

}H
Mat2 - Matrix number 2
Matlr - Matrix number 1 rows
Matlc - Matrix number 1 columns
Mat2c - Matrix number 2 columns
OutPuts t
Mat3 - Matrix result of Matl * Mat2 of size matlr x mat2c
Locals :
Row - Row Index
Col = Column Index
ktr - Index
Coupling !
None.
References H
None.
}
PROCEDURE MatMult { Matl,Mat2 1 Matrix)
Matlr,Natlc,Mat2c 1 Integer
VAR Mat3 s Matrix );
VAR
Row,Col,ktr : Integer;
BEGIN

InitMatrix( Matlr,Mat2c,Mat3 );

FOR Row:=l to matlr DO
FOR Col:i= 1 to mat2c DO
BEGIN
FOR ktr:= 1 to matlc DO
AssignVal( Mat3,Row,Col, GetVal(Mat3,Row,Col)+GetVal(Matl,Row,ktr)*
GetVal(Mat2,ktr,Col) )y
END;
END; { Procedure MatMult }

{




PROCEDURE MatAdd
This procedure adds two matricies together.

Algorithm t Initiallize the pointers for the result matrix
Loop through the Rows
Loop through the Cols
Add up each cell value

Author s capt Dave Vallado USAPA/DPAS 719-472-4109 26 Jun 1989
Inputs
Matl Matrix number 1

LI S I B

Mat2 Matrix numbar 2
Matlr Matrix number 1 rows
Matlc Matrix number 1 columns
QutPuts H
Mat3 - Matrix result of Matl + Mat2 of size matlr x matlc
Locals H
Row ~ Row Index
Col = Column Index
Coupling 3
None.
References H
None.
)
PROCEDURE Matadd ( Matl, Mat2 t Matrix;
Matlr,Natlc : Integer ;
VAR Mat3 t Matrix )t
VAR

Row,Col : Integer;
BEGIN
InitMatrix( Matlr,Matlc,Mat3 )y
FPOR Row := 1 to Matlr DO
FOR Col :=1 to Matlc DO
AssignVal( Mat3,Row,Col, GetVal(Matl,Row,Col) + GetVal(Mat2,Row,Col) );

( END; { Procedure MatAdd }

——————— et oo
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PROCEDURE MATTRANS
This procedure finds the transpose of a matrix.

Algorithm : Initialize the pointers for the result matrix
Loop through the Rows
Loop through the Cols
Transpose each cell value

Author ¢ Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H
Matl - Matrix number 1
Matlr - Matrix number 1 rows
Matlc - Matrix number 1 columns
OutPuts H
Mat2 ~ Matrix result of transpose Mat2
Locals 3
Row = Row Index
Col ~ Column Index
Coupling H
None.
References H
Nons.
PROCEDURE MatTrans { Matl :+ Matrix;
Matlr, Matlc 3 Intesger
VAR Mat2 1 Matrix );
VAR

Row,Col : Integer;
BEGIN
InitMatrix( Matlc,Matlr,Mat2 );
FOR Row :=1 to Matlr DO
FOR Col := 1 to Matlc DO
Asslignval( Mat2,Col,Row, GetVal(Matl,Row,Col) )i
END; ( Procedure MatTrans




PROCEDURE LUDECOMP

This procedure decomposes a matrix into an LU form,

Algorithm

Author

Inputs
Order

QutPuts
Ly
Index

Locals
i

J
K

Imax
Scale
Sum
AMax
Dum

Coupling
None.

References

H
s Maj Tom Riggs USAFPA/DPAS  719-472-4109
Capt Dave Vallado USAXA/DFAS 710-472-4109

Order of matrix

- LU decomposition matrix
Index vector for pivoting

Index

Indax

Index

Pivot row pointer
Scale factor vector
Temporary Variables
Temporary Variables
Temporary Variables

Numerical Recipes - Flannery

27 Apr 1989
1 Aug 1989




}
FROCEDURE LUDeComp ( VAR LU 1 Matrix;
VAR Index s Intarrays
Order t INTEGER );
Const
Small : Extended = 0.000001;
vVar
I, J, K, IMax : Integer;
Scale : Matrix;
Sum, AMax, Dum ; Bxtended;
BEGIN
InitMatrix( Order,l,Scale );
IMax 1= 0y
FOR I := ) to Order do
BEGIN
AMax 3= 0.0;
FOR J 1= 1 to Order do -
IF (Abg(Getval( LU,i,3)) > AMax) THEN
AMax t= Abs(Getval( LU,i,3))s
IF AMax = 0,0 then
BEGIN
) Write(' Singular Matrix ')
halt; ¢
END;
Assignval( Scale,i,l, 1.0 / ANax )i
END;
FOR 3 1= 1 to Order do
BEGIN
FOR 1 :=1toJ~-14do
BEGIN
Sum 1= GetVal{ LU,1,3)»
FPORKk (=1 tol -1 do
Sum 3= Sum ~ GetVal( LU,1,k)*GetVal( LU,k,J);
Assignval{ LU,i,q, Sum )y
END)
AMax 33 0.0;
FOR 1 1= J to Ordar do
BEGIN
sum := GetVal( LU,i,3)
FOR Kk 1= 1 to jJ -1 do
gSum := Sum ~ GetVal( LU,i,k)*GetVal( LU,k,3});
Assignval( Ly,i,j, Oum ),
Dum := GetVal( S8Scale,i,l )*Abs(8um);
12 (Dum >= AMax) then
BEGIN
IMax 3= |
AMax 3= Dum;
END;
END;
IF (J <> imax) then
BEGIN
FOR k 3= 1 to Order do
BEGIN
Dum := GetVal( LU,imax,K);
Assignval( LU,lmax,k, GetvVal( LU,3,k } )1
Asslignval{ LU,3,k, Dum ),
END;
AssignVal( Scale,imax,l, GetvVal{ Scale,3,1) );
END)
Index([j) 1= Imax;
IF Abs({GetVal( LU,Jj,3j)) < Small THEN
BEGIN
Write(' Matrix is Singular ')y
halt;
END;
IF (j <> Order) THEN
BEGIN
bum := 1.0 / Getval( LU,J}.3);
POR 1 := jJ + 1 to Order do
Assignval( LU,i,3, Dum*Getval{ LU,i,J) ):

END;
END;
DelMatrix{ Scale };
END; { Procedure LuDeCzp }




PROCRDURE LUBkSUB
This procedure finds the inverse of a matrix using LU decomposition.
Algorithm H

Author t+ Maj Tom Riggs USAFA/DFAS 719-472-4109 28 Apr 1989
Capt Dave Vallado USAPA/DFAS 719-472~4109 1 Aug 1989
Inputs 3
Order -~ Order of matrix
LU - LU decomposition matrix
Index - Index vector for plvoting
QutPuts 1
B - Solution Vector
Locals H
- Index
J - Index
10 - Pointer to non-aero element
1Ptz - Pivot Rwo Pointer
Sum - Temporary Variables
Coupling s
None.
References t

Numsrical Recipes - Flannery

PROCEDURE LUBkS8ub ( LU 1 Matrlxp
Index t Intarray;
Order t INTEGER;
Var B t Matrix );
VAR
I, J, IPtr, I0: Integer;
Sum 1 Bxtended;
BRGIN
I0 1= 03
FOR | 1= 1 to Order DO
BRGIN

IPtr 1= Index(iDy
Sum := GetVal( B,IPtr,l);
AssignVal( B,Iptr,l, GetVal{ B,i,1) )»
IP (10 <> 0) then
FOR J 1= I0 to§{ -1 do
Sun := Sum - Getval( LU,1,3j)*Getval( B,3,1)

ELSE
IF (Sum <> 0.0) THEN
I0 1= I;
Assignval( B,i,1, Sum )
ENDy

AssignVal( B,Order,l, GstVal( B,0rder,l)/GetVal{ LU,Ordsr,0Order) );

POR | 1= (Order - 1) Downto 1 DO

BRGIN
Sum 3= GetVal( B,i,l)s
POR J 1= { + 1 to Order do

8um := Sum - Getval{ LU,i,j)*Getval( B,3,1);

Assignval( B,§,1, Sum / GetVal( LU,i,i) )»

BEND)

END)




PROCEDURE MATINVERGE
This procedure £inds the inverse of a satrix using LU decomposition.

Algorithm 3

+
Author t Maj Tom Riggs USAPA/DFAS 719-472-4109 28 Apr 1989
Capt Dave Vallado USAPA/DFAS 719-472-4109 1 Aug 1989
Inputs t i
Mat ~ Matrix to invert
Order - Order of matrix
OutPuts t ! -
MatInv - Inverted matrix
Locals : ‘
i ! - Index
- Index
Index ~ Index vector for plvoting ! d
LU =~ LU decomposition matrix
B - Operxatlonal vector to form MatInv \
Coupling H
None, ,

References t
Numer lcal Rlc&pCl ~ Flannery

}
PROCEDURE MatInverse { Mat 1 Matrix)
Order t INTRGER)
VAR MatInv t Matrix )
VAR
I, Jd 1 Integer)
Index t Intarcay)
Lu,B s Matrix;
BEGIN

InitMatrix( Order,0xder, WU );
InitMatrix( Order,l, B ]
InitMatxix( Order,Ozder, Matlnv )

POR § 3z 1 to Order DO
BEGIN
Index{i] 1= §;
FOR J s= 1 to Order DO
AnignVll( w.l,j. Getval( “.tp,.'j) I}
END)

LUDeComp(LU, Index, Order);

POR J 1= 1 to Order DO
BEGIN
FOR | = 1 to Order DO
IP (1 = j) THRN
Assignval( B,i,}, 1.0 )
ELSE
Assignval( B,1,1, 0.0 )

LUBkSub(LU, Index, Order, B);

FOR 1 1= 1 to Oxder dc
AssignVal( MatInv,i,3j, Getval( B,i,1) 1
END;
DelMatrix( LU );
DelMatrix( 8 );
END; { Procedure MatInverse )}




PROCEDURE PRINTMA?T

This procedure prints a matrix.

Algorithm t Write out the title for the matrix
Loop through the rows and print out 1 row at a time
Author 3 Capt Dave Vallado UBAFA/DFAS 719-472-4109 1) Oct 1989
Inputs :
Matl ~ Matrix to print out
OutPuts 3
None.
Locals H
Row - Row Index
Col - Column Index
Coupling :
None.
PROCEDURE PrintMat { Matl t Matrix)
Title s 8TR64 ),
VAR

Row,Col 1 Integer)
BEGIN
Writeln( Title )y
FOR Rows= 1 to Matl®,.NumRows DO
BEGIN
FOR Colt= 1 to Matl®.NumCols DO
BEGIN
Write( * ',GetvVal( Matl,Row,Col):l2:8 ),
IF (Col MOD 6 = 0) and (M&atl”.NumCols > 6) THRN
BEGIN
WriteLn)
Write( * ' )y
END)
END)
Writeln)
END)
( END;  { Procedure PrintMat }
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PUNCTIOR DETERNINANT

This function calculates the determinant value using L-U decompisition,
The formula must have a NOMN-ZERO number in the 1,1 position. IPF the

function senses
WITH a NON-ZERO

Author

Inputs
Order
Mati

OutPuts
Determinant

Locals
i

3
3

n
Tenmp
D
Sum
L

u
Small

Coupling
Marion

.

a8 NON-IBRO number in row 1, it exchanges rowl for a row
nusber. ! '

Capt Dave Vallado USAFPA/DPAS 719-472-4109 12 Aug 1988

Order of determinaent (# of rows;
Matrix to find deterainant of
t

Result

Index
Index
Index
Index

Tolarar<s for comparing to 0.0

pg. 168-172, 126-127




)
FUNCTION DETRRMINANT ( Matl t Matrix;

Order 1 Integer ) : EBxterded;
CONST
Small : Bxtended = 0.000001)
VAR
i,3:kim + Integer;
Temp, D, Sum : Rxtended;
L, U s Matrixg
BEGIN
sum:= 0,03

{-- 8switch a non zero row to the first row --}
IF ABS( GetVal( Matl,l,l ) ) < Small THEN
BEGIN
312 1y
WHILE j <= Order DO
BEGIN
IP ABS( GetVal({ Matl,j,1 ) ) > Small THEN
BRGIN
POR ki= 1 to Order DO
BEGIN
Temp:= GetVal( Matl,l,k );
AssignVal( Matl,l,k, Getval( Matl,3,k ) );
AssignVal( Matl,j,k, Temsp );
END;
3= Order + 13
END;
Jix 341,

END)
END; { IPF ABS(Matl(1,1]) < Small )}

FOR 1:= 1 to Order DO
AssignVal( L,{,1, GetVal{ Matl,i,l ) )
FOR Ji= 1 to Order DO
AsvignvVal( U,1,3, Getval( Matl,l,3 ) / GetVal{ L,1,1 ) )s
FOR J1= 2 to Order DO
BEGIN
POR i3= § to Order DO
BEGIN
sum;= 0.0
FOR k1= 1 to -1 DO
Sums= Sum+ GetvVal( L,i,k )* Getval( U,k,3 )
AssignVal( L,1,3, Getval{ Matl,i,) )~ 8um );
END} for | f
AssignVal( U,3,3, 1.0 )¢
IF j <> Order THEN

BEGIN
FOR 1i1= j+l1 to Order DO
BEGIN
Sum:= 0.0;

FOR k3= 1 to 3-1 DO
Sum:= Sum + GetVal{ L,j,k)* Getval( U,k,i );
Aui?nvu( U,5.1,{ GetVal( Matl,3,1)-8um)/ Getval( L,3,3 ) )
END; tor { }
ooy (if 3)
BEND; ( tor 3 )
Di= 1,0;
FOR li1= 1 to Order DO
Di= Dt GetVal( L,i,1i)
Determinanti= D;
END; { Punctlon Determinant }




}

BEGIN,
END, { Unit Math }




APPENDIX C
FORTRAN SOURCE CODE
TECHNICAL ROUTINES
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Module ~ ASTROLIW.FOR

This file contains fundamental Astrodynamic Subroutines and Functions.
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This software has been developed by an employee of the United States
Government at the United 8tates Alr PForce Academy, and is therefore

a work of the United States, and i{s NOT subject to copyright protection
under the provisions of 17 U.8.C, 105. ANY use of this work, or
inclusion in other works, must compiy with the notice provisions of

17 U.8.C. 40
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Author : Capt Dave Vallado, USAFA Dept of Astronautics

Com) 719-472-4109,

Current 1 30

Jan

91

Autovon 259-4109 / 4110

Capt Dave Vallado VERSION 3.0

Changes : 28 Jan 91 Capt Dave Vallado
25 Jan 91 Capt Dave Vallado
Update to Lahey Ver 3.0 / FORTRAN 90
20 Sep 90 Capt Dave Vallado VEREION 2.1
Misc fixes to speed up
20 Apr 90 Capt Dave Vallado VER3ION 2.0
19 Dec 89 Capt Dave Vallado
Version 1.4
24 Apr 89 Capt Dave Vallado
Version 1,2
12 reb 89 Capt Dave Vallado
gtandardized format
28 Sep 88 Capt Dave Vallado
Added HMS and DMS to Rad conversions
30 Aug 88 Capt Dave Vallado VERSION 1,0
Routines for time calculations ——=—-~—=-- —————
Subroutine JullanDay { ¥r,Mon,D,K,H,8 JD )
Subroutine DayofYr2MDHMS ( Yr,Days, Won,D,H,N,8 )
Subroutine InvJullanDay ( JD Yr,Mon,D,H,M,8 )
Subroutine FindDays { Year,Month,Day,Hr,Hin,8ec, Days )
Function GSTime { Jb )
Function GSTimO ( Yr )
Subroutine LSTime ( Lon,JdD LgT,G87 )
Subroutine SunRiseSet ( JDate,Lat,Lon,Whichkind,
UTSunRise,UTSunSst )
Subroutine HMStoUT { Hr,Hin,Sec ur )
Subroutine UTtoHMS ( ur Hr ,Min,8ec )
Subroutine HMStoRad ( Hr,Win,Sec HM3 )
Subroutine RadtoHMS { HNS Hr,HKin,8ec )
Subroutine DMStoRad ( Deg,Hin,Sec DHB )
Subzroutine RadtoDMS ( DM8 Dag,Hin,8ec )
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wememe—e————— Routines for Technical 2-Body calculations ~-~=—=-—w—=--

Subroutine

Subroutine
Subroutine
Subroutine
Subroutine
Subroutine

Subroutine

Subroutine

Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Function

Function

Subroutine
Subroutine

Subroutine

Site
RVToPOS

Track
RAZRL
ELORB
RandVv

Gibbs
HerrGibbs

FindCands
NewtonR
Kepler
Gauss
IJKtoLatLon
Sun

Moon
PlanetRV
Geocentric
InvGeocentric
Sight

Light

OMS2

Subroutine

Subroutine

Subroutine

RngAz

Path

Trajec

(
{

(

-~

-

(

(

(

{

-~

Routines for ICBM calculations

(

(

{

Lat,Alt,Lst, ns,vé )
Rho,As, K1 ,DRho,DAz,DEL

Rhovec,DRhovec )
Rho,Az,R1,DRho,DAs,DR1, Lat,Lst,RS8

R,V )
R,V,R8,Lat,Lst Rho,Az,R1,

DRho,DAz,DEL )
R,V P,A,E,Inc,Omege,

Argp,Nu,M,U,L,CapPi)
P,E,Inc,Omega,Argp,Nu,U,L,CapPi

R,V )
R1,R2,R3 V2,Theta,flt )
R1,R2,R3,JD1,JD2,J03

Vv2,Theta,flt)
ZINew Chew, 8ew )
R,M RO, Nu )
Ro,Vo,Time R,V )
R1,R2,DH,Tine vi,v2 )
R,JD GeoCnlLat,Lon )
Jb R8un,RtAsc,Decl )
Jp RMoon,RtAsc,Decl )
NumPlanet,JD, R,V )
Lat )
Lat )
R1,R2, 108 )
R,JD, LIT )

th,Lon,Alt,Ph\,AI,SpOQd,JD, R,V )

LLat,LLon,TLat,TLon,TOP
Range, Az )

LLat, LLon, Range, Az
TLat, TLon )

LLat,LLon,TLat,TLon,Rbo,Q,TypePhi
Range,Phi,TOF,A3,
ICPhi, ICVbo, ICRbO,VN )




)
£ mmrccme——————— Routines for orbit transfer calculations -—~—=--——ve--
*
* Subroutine Hohmann { R1,R3,0l,03,Nul,Nu3,
* DelVa,DelVb,TOF )
3 * Subroutine OneTangent { R1,R3,8),03,Nul,Nu2,Nu3,
3 * DelVa,DelVb,TOF )
»; * Subroutine GeneralCoplanar( R1,R3,el,e2,a3,Nul,Nu2a,Nu2b,Nu3,
7 * D.‘lva ,DQlVb, TOF )
M *
* Subroutine Rendezvous ( Rcsl,Rcs2,Phasel,NumRevs
3 * PhaserF ,WaitTime )
v *
* Subroutine Interplanetary( Rl,R2,Rbo,Rimpact,Mul,Mut,Mu2,
* Deltavl,Deltav2,Vbo,Vretro )
x
- * Subroutine Reentry { VRe,PhiRe,BC,H, V,Decl,MaxDecl )
g *
3 t Subroutine Hillsm { R,V.alt,t, R1,V1 )
;" *
i * Subroutine Hillsv ( R,alt,t, v )
¥ *
2 A
' *
3 ¥ mmmmecsemne Routines for Technlcal perturbed calculations -~--------—-
: *
. Ll and numerical integration techniques «—-e-w~e——ocooe
3 *
*
] * Subroutine Target { RInt,VInt,RTgt,VIgt,Dm,T0F,
7 * Vit,Vat,DVl,DV2 )
- *
3 * Subroutine PKepler ( Ro,Vo,Time R,V )
. *
A * Subroutine J2DragPert { Inc,R,N,NDot, OmegabDOY, ArgpDOT, EDOT )
o %
3 * Subroutine Predict { JD,JDRpoch,no,Ndot,Ro,8dot,inco,Omegao,
d * OmegaDot ,Argpo,ArgpDot,No,Lat,Lon,AlLt,
g * RtAsc,Decl,Rho,Ax,El )
g *
3 * Subroutine Deriv ( Time,X, XDot )
d *
. * Subroutine PertAccel ( R,V,Time,WhichOne,BC, APert )
*®
i * Subroutine PDeriv { Time,X,Deriv?ype,BC, XDot )
X *
N * Subroutine RK4 { I7ime,DT,N,DerivType,BC, XDot )
*
k. * Subroutine ATNOS { R,Rho )
A X
4 * Subroutine CHEBY { ALT, PALt,RhOALt )
3 %
’§ *
* CONSTANTS 1
’ ]
4 *  Rad = §7.29577951308230 Degrees per radian
R * Halfpi = 1.570796326794%0
X * 231 = 3,14159265358979
* TwoP} = 6,28318530717959
*
* OmegaBarth = 0.0586335906868878 Anguiar rotation of Barth (Rad/TU)
3 * RadPerbay = 6.30038809866574 Radians Earth rotates in 1 Sidereal day
: * TUMin = 13.44685108204 Minutes in one Time Unit
3 * TUDay = 0.00933809102919444 Days per Time Unit
. - * VKmPer8ec = 7,905366296149 K¥/sec in one DU/TU
x
{ * EBSqrd s 0.00669437999013 Rccentricity of Barth's shape squared
4 * Flat = 0.003352810664747352 Flatenning of the Earth
3 x
fj - # J2 = 0.00108263
: * J3 = -0.00000254
: * J4 z ~0.00000161
3 * GMS = 332952,9364 Gravitational Parametur of Sun DU3/TU2
] * GHH = 0.61229997 Gravitational Parameter of Hoon DU3/TU2
" E 2
E .
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SUBROUTINE JULIANDAY

This subroutine finds the Julian date given the Year, Month, Day, and Time.
The Jullan date is defined by each elapsed day since noon, 1 Jan 4713 BC.
Jullan dates are measured from this epoch at noon so astronomers

observations may be performed on a single "day".

The year range is

1imited since machine routines for 365 days a year and leap years are

valid in this range only,

This is due to the fact that leap years occur

only in years divisible by 4 and centuries whose number is evenly
divisible by 400, ( 1900 no, 2000 yes ... )

NOTE:

Published by the U.S. Naval Observatory.

This Algorithm is taken from the 1388 Almanac for Computers,
The algorithm ia good for dates

between 1 Mar 1900 to 28 Peb 2100 since the last two terms (from the
Almanac) are commented out.

Algorithm

Author

Inputs
Yr
Mon
D
H
]
Sec

Outputs
Jb

Locals
Terml
Term2
Term3
ur

Constants
None.,

Coupling
Nons,

References

1988 Almanac for Computers

Escobal
Kaplan

H

Find the various terms of the expansion

Calculate the answer

Capt Dave Vallado USAFA/DFAS

Year

Month

Day

Universal Time Hour
Universal Tims Min
Universal Time Sec

Julian Date

Temporary REAL value
Temporary INTEGER value
Tecporary INTEGER value
Universal Time

pg- '2
pg. 17-19
pg. 329-330

719~472-4109 12 Aug 1988

1300 .. 2100
1..12
l..28,29,30,31
0..23
0..59

0.0 .. 59.999

days from 4713 B.C.

days

SUBROUTINE JullanDay ( Yr,Mon,D,H,N,8,

IMPLICIT RORE
INTEGER Yr,Mon,D,H,M

REAL*S

8,J3b

Jb )

Locals

REAL*8 UT,Terml
INTEGER Term2,Term3

TERML
TERM2
TERM3

Implementation

367.0D0 * ¥r
INT( (7% (Yr+INT ( (Mont9)/12) ) ) / &)
INT( 275%*Hon / 9 )

Ur = ( (8/60.0D0 + H ) / 60.0D0 + H ) / 24.0DC

JD = (TERM1-TERM2+TERM3) + D + 1721013.5D0 + UT

RETURN
END
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SUBROUTINE DAYOFYR2MDHMS

This subroutine converts the day of the year, fractional days, to the month
day, hour, minute and sascond.

Algorithm : Set up array for the number of days per month

loop through a temp value while the value is < the days
Perform integer conversions to the correct day and month
Convert remainder into H ¥ S using type conversions

Author + Capt Dave Vallado USAFA/LIAS 719-472-4109 26 Feb 1990
Inputs :

r - Year 1900 .. 2100

Days ~ Julian Day of the year 0.0 .., 366.9
Outputs 3

Mon - Nonth 1.,.12

D - DIY 1.. 28'29130'31

H - Hour 0 .. 23

N - Minute 0..59

Sec - Sscond 0.0 .. 59.999
Locals H

dayyr - Day of year days

Temp - Temporary real values

IntTemp - Temporary Integer value

i ~ Index
Constants :

LMonth{12] -~ Integer Array containing the numbsr of days per month
Coupling 3

None.

SUBROUTINE DAYOFYRIMDHMS ( Yr,Days, MWon,D,H,M,S8 )
IMNPLICIT NONR
REAL*8 Days,8
INTEGER Yr, Mon, D, H, N

Locals
INTEGER IntTemp,l,DayYr
REAL*8 Tenmp, LMonth(12)

Set up array of days in month

DO i=1,12
LMonth(i) = 31

ENDDO

LMonth({ 2) = 28
LMonth({ 4) = 39
LMonth( 6) = 30
LMonth({ 9) = 30
L¥onth(1ll) = 30

Day¥Yr = AINT( Days )

Pind month and Day of month
IP ( INT( WOD( Yr-1900,4 ) ).EQ.0 ) THEN
LMonth(2)= 29
ENDIF
i= 1
IntTemp= 0
DO WHILE ( (DayYr.GT.IntTemp+LMonth(i)).and.(1.LT.12))
IntTemp= IntTemp + LWonth(i)
i= i+}
ENDDO
Mon i
D Day¥r - IntTemp

i

Pind hours minutes and seconds
Temp= (Days - Day¥r )*24.0D0

H = DINT( Temp )

Temp= (Temp~H ) * 60.0D0

M = DINT( Temp )

S = (Temp-M ) *60.0D0

RETURN
END
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SUBROUTINE RAZEL

This Subroutine calculates Range Azimuth and Elevation and their rates given
the Geocentric Equatorial (IJK) Position and Velocity vectors.

Algorithm

Author

Inputs
R
v
Lat
LST
RS

Outputs
Rho
Az
El
DRho
DAz
DEL

Locals
RhoV
DRhoV
RhoVec
DRhoVec
WCrossR
BarthRate
TempVec
Temp
Templ
Small
i

Constants
Halfrl
Pl
OmegaBarth

Coupling
Mag
Cross
Rot3
Rot2
Dot

Refarences
BMW

[T TR R IO S O N NN NN B B [ T I I B 4 [ I 2 B B

.

Pind constant values

Loop to £ind range and velocity vectors

Rotate to £ind SRZ vectors

Use if statments to £ind Az and Kl including special cases

Capt Dave Vallado USAFA/DFAS 719-472-4109 27 Mar 1990

IJK Position Vector

I1JX Velocity Vector
Gsodetic Latlitude

Local Sidersal Time

IJK Site Position Vector

Satellite Range from site
Azimuth

Elevation

Range Rate

Azimuth Rate

Blovation rate

IJK Range Vector from site
IJK Velocity Vector from site
SEZ Range vector from site
8%2 Velocity vector from site
Cross product result

IJK Earth's rotatlon rate vector
Temporary vector

Temporary REAL value
Tesporary REAL value
Tolerance for roundoff errors
Index

Angular rotation of Xarth (Rad/TU)

Magnitude of a vector

Cross product of two vectors
Rotation about the 3rd axis
Rotation about the 2nd axis
Dot product of two vectors

pg. 84-89, 100-101

bpu

pu / TU

-pPi/2 to Pi/2 rad
-2Pi to P! rad
Dy

DU

0 to 2P! rad
-pi/2 to Pi/2 rad
by / TU

rad / TU

xrad / TU

DU
pUyU/ T0
DU
bu
DU/ T
rad / ™

1.57079632679490
3.14159265358979
0.0588335906868878

t 0yt
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This subroutine finds the fractional days through a year given the year,

SUBROUTINE FINDDAYS

month, day, hour, minute and second.

Algorithm t Set up array for the number of days per month

Check for a laap ysar
Loop to f£ind the elapsed days in the year

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 11 Dec 1990
Inputs H
Yr - Year 1900 ., 2100
Hon - Month b N ¥
D - Day 1 .. 28,29,30,31
H - Hour 0..23
M - Minute 0 .. 59
Sec - Second 0.0 .. 59.999
OutPuts H
days ~ Day of year plus fraction of a day days
Locals H
-~ Index
Constants :
None.
Coupling H
None.
References :
None.

SUBROUTINE FindDays( Yeur,Month,Day,lir,Min,Sec, Days )
IMPLICIT NONER
INTEGER Year,Month,Day,Hr,Min
REAL*S Sec, Days

Locals
INTEGER {,LMonth(12)

Set up array of days in month

DO i=1,12
LMonth(i) = 31

ENDDO

LMonth({ 2) = 28
LHonth({ 4) = 30
LMonth{ 6) = 30
LMonth( 9) = 30
LMonth(1ll) = 30

IF ( INT( MOD( Year-1900,4 ) ).EQ.0 ) THRN
LMonth(2)= 29
ENDIP
1 =1
Days= 0.0D0
DO WHILE ((i.lt.Konth).and.{ 1.1t.12 ))
Days= Days + LMonth({)

=1 +1
ENDDO
Days= Days + Day + H:/24.0D0 + Min/1440G.0D0 + Sec/86400,0D0
RETURN
END

*x C 4
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FUNCTION GSTIME

This function finds the Greenwich Sidersal time. Notice just the integer
part of the Jullan Date is used for the Jullan centuries calculation.

Algorithm 3

Author H
Inputs t
Jb -
Outputs H
GSTime -
Locals :
Temp -
Tu -
Constants H
TwoPi -
RadPerbay ~
Coupling 3
None.
References 3

Perform expansion calculation to obtain the answer
Check the answer for the correct quadrant and size

Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Feb 1989

Julian Date days from 4713 B.C.
Greenwich S8idereal Time 0 to 2Pi rad
Temporary variable for Reals rad

Julian Centuries from 1 Jan 2000

6.28318530717959
Rads Earth rotates in 1 Solar Day 6.30038809866574

1988 Astronomical Almanac pg. B6
Escobal pg. 18 ~ 22
Explanatory Supplement pg. 73-75
Kaplan p9. 330-332
BMW pg. 103~104

REAL*8§ FUNCTION GSTime { JD )
INPLICIT NONE

REAL*8 JD

Locals

RERAL*8 Temp, Tu, RadPerDay, TwoP{

RadPerDay=
TwoPl =

Implementation
6.30038809866574D0
6.28318%30717959D0

Tu = ( DINT(JD) + 0.5D0 -~ 2451545.0D0 ) / 36525.0D0
Temp= 1,753368559D0 + 628.3319705D0*Tu+6.770708127D-06*Tu**2+
& RadPerDay*DBLE( JD-DINT(JD)-0.5 )

Check quadrants

Temp = DNOD{ Temp,TwoPl )
IF { Temp.LT.0.0D0 ) THEN

Temp = Temp + TwoPi
ENDIF
GSTime= Temp
RETURN

END
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FUNCTION GSTIMO

This fun:-ion finds the Greenwich Sidereal time at the beginning of a year.
This formula ls derived from the Astonomical Almanac and is good only for
0 hr UT, 1 Jan of a year,

Algorithm :

Author H

Inputs :
Yr -

Outputs
GSTim0 -

Locals
JD
Temp
Tu

Constants t
TwoPi

Coupling :
None.

References t

Pind the Julian Date Ref 4713 BC
Perfora expansion calculation to obtain the answer
Check the answer for the correct quadrant and size

Capt Dave Vallado USAFA/DFAS8 719-472-4109 12 Nov 1989
Year 1988, 1989, etc.
Greenwich Sicereal Time 0.0 to 2Pi rad
Julian Date days from 4713 B.C.
Temporary variable for Reals rad
Julian Centuries from 1 Jan 2000

6.28318530717959

1980 Astronomical Almanac pg. B6
Escobal pg. 18 - 21
Explanatory Supplement pg. 73-75
Kaplan pg. 330-332
BMW pg. 103-104

REAL#*8 FUNCTION GSTim0 ( Yr )
INPLICIT NONE

INTEGER Yr

RRAL*8 JD,

Locals
Temp, Tu, TwoPi

TwoPi =

Implemantation
6.28318530717959D0

JD = 367.0D0 * ¥r - ( INT((7*(Yr+INT(10/12)))/4) ) +

( INT(275/9) ) + 1721014.5D0

= ( INT(JD) + 0.5D0 - 2451545.0D0 ) / 36525.0D0
mp= 1,¢53368559D0 + 628,3319705D0*Tu + 6.770708127D-06*Tu**2

Check quadrants

Temp = DMOD{ Temp,TwoP! )
IF ( Temp.LT.0.0D0 ) THEN

Tamp =
ENDIP

Temp + TwoPi

GSTim0= Temp

BND

kC»st
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This subroutine

Algorithm 3

SUBROUTINE LSTIME
finds the Local Sidereal time at a given location.

Find GST through the routine
Find LST and check for size and quadrant

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H

Lon - Site longltude (WEST ~) -2Pi to 2Pi rad

Jb - Julian Date days from 4713 B.C.
Outputs t

LST - Local Sidereal Time 0.0 to 2Pi rad

GST - Greenwich Sidereal Time 0.0 to 2P! rad
Locals H

None.
Constants t

TwoPl 6.28318530717959
Coupling :

GSTime -~ Finds the Greenwich S8idereal Time
References H

Escobal pg. 18 - 21

Kaplan pg. 330-332

BMW pg. 99 -100

SUBROUTINE LSTime ( Lon,JD, LET,GST )
IMPLICIT NONE
REAL*8 lLon,JD, LST, GS8T
EXTERNAL GSTime

Locals

REAL*8 TwoPl,GSTimoe

TwoPl = 6.

GST

Implementation
28318530717959N0

= GSTime( JD )
LST = Lon + GST

Check quadrants

LST = DMOD( LST,TwoPl )
IP ( LST.LT.0.0D0 ) THEN
LST = LST + TwoPl

ENDIP
RETURN
END
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This subroutine

SUBROUTINE SUNRISESET

£inds the Universal time for Sunrise and Sunset given the

day and site location. Note the use of degrees and radians since the
Almanac presents the algorithm in these units.

Algorithm s

Author

Inputs
JDate
Lat
Lon
wWhichKind

LI T B B

OutPuts
UTSunRise
UTSunSet

Locals
t -

-

Constants t
Rad

Coupling 3
InvJulianDay
FindDays

References H

Use a case statement to szet the angle from the sun to site
rind days, and then the values for UT times

Capt Dave Vallado USAFA/DFAS 719-472~4109 13 Jan 1991

Julian Date days from 4713 B.C.
Site latitude (SOUTH -) -Pi/2 to Pi/2 rad
S8ite longitude (WRST -) ~2P§ to 2P! rad
Character for which rise/set ‘gt 'C' 'N' 'A?
Universal time of sunrise at lat-lon hrs
Universal time of sunset at lat~lon hrs

Days from the beglnning of the year

Radians per dagres

Pinds the ¥Yr Da Hn Hr Ml Se from ths Julian Date
Pinds the days from 1 Jan of a year

Almanac For Computers 1990 pg. BS5-B6




»

SUBROUTINE SUNRISESET(JDate,Lat,Lon,WhichKind,UTS8unRise,UTSunSet)
IMPLICIT NONE
REAL*8 JDate,Lat,Lon,UTSunRise,UTSunSet
CHARACTER WhichKind
REAL*8 Z,t,m,l,ra,sindelta,delta,h,sec,days,Rad,TwoPl,Pi
INTEGER year,month,day,hr,min

Pad = 57.29577951308230D0
TwoPl = 6.28318530717959D0
P4 = 3.14159265358979D0

IF (WhichKind.eq.'S' ) THEN
Z= (90.0D0+50,.0D00/60.0D0 )/Rad
ELSEIF (WhichKind.eq.'C') THEN
2= 96,000 / Rad
ELSEIF (WhichKind.eq.'N') THERN
2= 102,000 / Rad
ELSEIF (WhichKind.eq.'A') THEN
Z= 108.0D0 / Rad
ENDI?

CALL InvJullaanDay( JDate, Year,Month,Day,Hr,Nin,8ec )
CALL PindDays( Year,Month,lay,Hr,Min,S8ec, Days )

Sunrlise
t = Days + (6.0D0 - Lon*Rad/15.0D0)/24,0D0
M = 0.985600D0*t ~ 3.289D0
L =M + 1,916D0*DSin( M/Rad ) + 0.020D0*D3in( 2.0D0*M/Rad ) +
& 282.634D0
L = bMOD{ L,360.0 )
Raz DATan( 0.91746D0*DTan(L/Rad) )
IF (Ra.1t.0.0D0) THEN
Ra= Ra + TwoPi
ENDIF |
IF ( (L.gt.180,0D0).and.(Ra.lt.Pl) ) THEN
Ra= Ra + Pi{
ENDIF
IF ( {(L.1t.180.0D0).and.(Ra.gt.Pi) ) THEN
Ra= Ra - P!
ENDIF
SinDelta= 0.39782D0*DSin( L/Rad )
Delta = DASin( SinDalta )
H= DACos( (DCos(z) - SinDelta*DSin(Lat)) /
(DCos{Delta)tDCus(Lat) ) )
H= TwoPl - H
t= H*Rad/15,0D0 + RA*Rad/15.0D0 - 0.065710D0*t - 6.622D0
T= DMOD( T, 24.0D0 )

UTSunRise= T - Lon*®Rad/15.0D0
UTSunRise= DMOD( UTSunRise, 24.0D0 )
IF (UTSunRise.lt.0,0D0) THRN
UTSunRise= 24.0D0 + UTSunRise
ENDIF

%

Sunset
Days + (18.0D0 - Lon*Rad/15.0D0)/24.0D0
0.985600D0*t - 3,289D0
M + 1,916D0*DSin{ M/Rad ) + 0,020D0*D8{n( 2.0DO*M/Rad ) +
282.634D0
L = DMOD{ L,360.0 )
Ra= DATan( 0.91746D0*DTan(L/Rad) )
IF (Ra.lt.0.0D0) THEN
Ra= Ra + TwoPi
BNDIF
IF ( (L.gt.180.0D0).and.(Ra.l1t.Pi) ) THEN
Ra= Ra + Pl
ENDIF
IP ( (L.1t.180.0D0).and.(Ra.gt.Pl) ) THEN
Ra= Ra - Pl
ENDIF
SinDelta= 0.39782D0*DSin( L/Rad )
Delta = DASin( SinDelta )
H= DACos{ (DCos(z) — SinDeltatDSin(Lat)) /
{DCos(Dglta)*DCos(Lat) ) )
H= TwoP{ - H
t= H*Rad/15.000 + RA*R&d/15.0D0 - 0.065710D0*t - 6.622D0
T= DNOD( T, 24.0D0 )

[l e g
[ ]

UTSunSet= T - Lon*Rad/15.0D0
UTSun89t= DMOD{ UTSunSet, 24.0D0 )
IF (UTSun8et.lt.0.0D0) '¥HEN
UTSunSet= 24.0D0 + UTSunSet
ENDI®

RETURN
END

R
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SUBROUTINE HMSTOUT

This subroutine converts Hours, Minutes and Seconds into Universal Time.

Algorithm : Calculate the answer
Author s Capt Dave Vallado USAPA/DFAS 719-472-4109 12 Aug 1988
Inputs s
Hr - Hours 0.. 24 ox. 2
Min ~ Minutes 0..59 ex. 39
Sec - Seconds 0.0 .. 59.99 ex. 57.29
Outputs :
uT - Universal Time HrNin.Sec  €x.239,5729
Locals H
None.,
Constants :
None.
Coupling :
None.

SUBROUTINE HMStoUT ( Hr,Min,S8ec, UT )
IMPLICIT NONE
REAL*8 UT,Sec
INTEGER Hr,Min

Isplementation
UT = Hr*100.0D0 + Min + Sec/100.0D0
RETURN
END

SUBROUTINE UTTOHMGE
This subroutine converts Universal Time into Hours, minutes and saconds.
Algorithm t Calculate the ansver
Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

Inputs H
ur - Universal Time HrMin.Sec x.239.5729

Outputs t
Hr - Hours 0.. 24 ex. 2
Min - Minutes 0..59 eX. 39
Sec -~ Seconds 0.0 .. 59.99 ex. 57.29

Locals 3
None.

Constants H
None.

Coupling
None,

SUBROUTINE UTtoHMS ( UT, Hr,Min,Sec )
IMPLICIT NONB
REAL*8 UT,Ssc
INTEGER Hr,Min

Implementation
Hr = IDINT( UT/100.0D0 )
Min= IDINT( UT-Hr*100.0D0 )
Sec= ( UT-DINT(UT) ) * 100.0D0
RETURN
END

* C-10 *
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SUBROUTINE HMSTORAD

This subroutine converts Hours, minutes and seconds into radians. Notice
the convarsion 0.2617 is simply the radian equivalent of 15 degrees.

Algorithm s Calculate the answer
Author s Capt Dave Vallado USAFA/DPAS 719~472-4109 6 Sep 1988
Inputs H
Hr - Hours 0 .. 24 ex. 10
Min - Minutes 0..59 ex. 15
Sec - Seconds 0.0 .. 59.99 ex. 30.00
Outputs H
HMS - Result rad ex, 2.6856253
Locals H
None.
Constants 3
None.
Coupling 3
Nonae.,

SUBROUTINE HMStoRad ( Hr,Min,S8ec, KNS )
IMPLICIT NONE
REAL*8 HNS,Sec
INTEGER Hr,Min

Implewentation
HMS= ( Hr + Min/60.0D0 + 8ec/3600.0D0 )*0.261799387D0
RETURN
END

SUBROUTINE RADTOHMS

This subroutine converts radians into Hours, minutes and seconds. Notice
the conversion 0,.2617 i{s simply the radian equivalent of 15 degraes.

Algorithm t Convert incoming radians to hours
Calculate the answer

Author t Capt Davs Vallado USAFA/DFAS 719-472-4109 0 Sep 1988
Inputs !

HMS - Result rad ex. 2.6856253
Outputs H

Hr - Hours 0 .. 2 sx. 10

Min - Minutss 0 .. 59 ox. 15

Sec - Seconds 0.0 .. 59.99 ex. 30.00
Locals 1

Temp - Temporary varlable to hold and change HMS value
Constants H

None.
Coupling H

None.

SUBROUTINE RadtoHMS ( HMS, Hr,Min,Saec )
INPLICIT MNONE
REAL*8 HMS,Sec
INTEGER Hr,Min

REAL*S Temp
Implemgntation

Temp = HMS / 0.261799387D0

Hr = IDINT( Temp )

Min = IDINT( (Temp-Hr)*60.0D0 )

g8ec = (Tamp-Hr-Min/60,0D0 ) * 3600.0D0
RETURN
END

S
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SUBROUTINE HMSTORAD

This subroutine converts Hours, minutes and seconds into radians. Notice
the convarsion 0.2617 is simply the radian equivalent of 15 degrees.

Algorithm
Author
Inputs

Hr

Min

Sec
Outputs

HMS
Locals

Nonse.

Constants
None.

Coupling
None,

s Calculate the answer

1+ Capt Dave Vallado USAPA/DFAS 71
:

- Hours

- Minutes

- Seconds

t
- Result

9~472-4109 6 Sep 1988

0 .. 24 ex. 10
0 .. 59 oX. 15
0.0 .. 59.99 ex. 30.00

rad ex. 2.6856253

SUBROUTINE HMStoRad ( Hr,Min,S8ec, HNS )
IMPLICIT NONE
REAL*8 HMS,Sec
INTEGER Hr,Min

Implewxentation

HMS= ( Hr + Min/60.0D0 + 8ec/3600.0D0 )*0.261799387D0

RETURN
END

SUBROUTINE RADTOHMS

This subroutine converts radians into Hours, minutes and seconds. Notice
the conversion 0,2617 is simply the radian eguivalsnt of 15 degraoes.

Algorithm

Author

Inputs
HMS

OQutputs
Hr
Min
sec

Locals
Temp

Constants
None.

Coupling
None.

s Convert incoming radians to hours
Calculate the answer

¢ Capt Davs Vallado UBSAFPA/DFAS 71

-~ Result

Minutes

t
- Hours
- Seconds

- Temporary varlable to hold and ch

9-472-4109 8 Sep 1988

rad ex. 2.6856253

0 .. 24 eX. 10
0..59 eX. 15
0.0 .. 59.99 ex. 30.00

ange HM3 value

SUBROUTINE RadtoHMS ( HMS, Hr,Min,Sec )
INPLICIT MNONR

REAL*8 HMS,Saec

INTEGER Hr,Min

REAL*8 Temp

Implemgntation

Temp = HMS / 0.261799387D0

Hr 2 IDINT( Tenmp )

Hin = IDINT( (Temp~KHr)*60,0D0 )

Sec = (Tanmp-Hr-Min/60,0D0 ) * 3600.0D0
RETURN
END

* C-11 %
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This Subroutine £inds the position and velocity vectors for a site.

SUBROUTINE SITE
The

answer is returned in the Geocentric Equatorial (IJK) coordinate system.

Algorithm

Author

Inputs
Lat
Alt
LST

Outputs
RS
vs

Locals
EarthRate
SinLat
Temp
X

Z

Conatants
ERSqrd
OmegaEarth

Coupling
Mag
Cross

Roferences
Escobal
Kaplan
BMW

1 et up constants
Pind x and z values
Find position vector directly
Call cross to £ind the velocity vector

3 Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
Geodetic Latitude

Altituds
Local Sidereal Time

-Pi/2 to Pi/2 rad
DU
~2P1 to 2Pl rad

LI I

3

- IJK Site position vector Dy

- IJK Site velocity vector DU / TU

t

- IJK Earth's rotation rate vector rad / TU

- Varlable containing ain( Lat ) rad

- Temporary REAL value

~ x component of site vector Dy

- s component of site vector i}

1

- Eccentricity of Rarth's shape squared 0.00669437999013
- Angular rotation of Earth (Rad/TU) 0.0588335906868878

Magnitude of a vector
Cross product of two vectors

pg. 26 - 29 (includes Geocentric Lat formulation also)
pg. 334-336
pg. 94 - 98

SUBROUTINE Site ( Lat,Alt,Lst,

R8,vV8 )

IMPLICIT NONE
REAL*8 Lat, Alt, LST, RS(4), VS(4)

Locals

REAL*8 SinLat, Temp, X, 3, RarthRate{4),OmegaRarth,RR8qrd

Initialize Variables

OmegaEBarth = 0.0588335906868876D0
EESqrd = 0.00669437999013D0
SinLat = DSIN( Lat )
BarthRate(l)= 0,0D0

EarthRate(2)= 0.0D0
BarthRate(3)= OmegaBarth

- o e o e

Find v and z components of site vector
DSQRT( 1.0D0 - ( ERSqrd*SinLat*#*2 ) )

( ( L.0D0/Taxp ) + ALt )*DCO3( iat )

( ((1.0D0-BESqrd)/Temp) + Alt )*8inlat

RS(1)
RS(2)
R8(3)

CALL MAG(

"ot

Pind 8ite position vector
x * DCOS( Lst )
x * DSIN( Lst )

z
RS )

Find 8ite velocity vector

CALL CROS8( EarthRate,RS,V8 )

RETURN
END

*C-13 ¢




*
x
* SUBROUTINE SITE
*

‘ * ohis Subroutine finds the position and velocity vectors for a site. The
* answer is returned in the Geocentric Equatorial (IJK) coordinate system.
*

*  Algorithm : Set up constants

* Find x and 3 values

* Find position vector directly

* Call cross to £ind the veloclity vector

*

*  Author :+ Capt Dave Vallado USAFA/DFAS 719-472-410% 20 Sep 1930
*

N * Inputs :

* Lat ~ Geodetic Latitude ~Pi/2 to Pi/2 rad
* Alt ~ Altitudse DU
* LST ~ Local Sidereal Time -2Pi to 2Pl rad
*
* Qutputs 1
. * RS - IJK Site position vector oli]
L vs - IJK Site veloclity vector DU/ TU
*
* Locals :
* EarthRate - IJK Earth's rotation rate vector rad / TU
* SinLat - variable containing sin{ Lat ) rad
* Temp - Temporary REAL value
* X ~ % component of site vector DU
* z - g component of site vector DU
*
* Constants :
* EB8Qrd - Eccentricity of Earth's shape squared 0.00669437999013
* OmegaEarth - Angular rotation of Barth (Rad/TU) 0.05883359060868878
*
* Coupling t
* Mag Magnitude of a vector
* Cross Cross product of two vectors
&
* References H
* Escobal pg. 26 - 29 (includes Geocentric Lat formulation also)
* Kaplan pg. 334-336

q * BMW pg. 94 - 98
*

*

SUBROUTINE Site ( Lat,Alt,Lst,
IMPLICIT NONE
REAL®*S Lat, Alt, LST, RS(4), VS(4)

R8,V8 )

* Locals

REAL*8 SinLat, Temp, X, ¥, KarthRate(4),OmegaRarth,RBSqrd
* Initiallize Variables

OmegaEarth = 0.0588335906868878D0

EBSqrd = 0,00669437999013D0

SinLat = DSIN( Lat )

BarthRate(l)= 0.0D0

EarthRate(2)= 0.0D0
BarthRate(3)= OmegaBarth

L et Find v and 2 coxponents of site vector -—=--—=-e——-—-
Temp = DSQRT( 1.0D0 - ( EKSqrd*SinLat*#2 ) )
% = ( { 1.000/Texp ) + ALt )*DCOS({ iLat )
- z = { ((1.0D0-BBSQrd)/Temp) + Alt )*SinLat
* rind 8ite position vector
RS(1l) = x * DCOS( Lst )
RS(2) = x * DSIN( Lst )
» R8(3) =z

CALL MAG( RS )

Find 8ite velocity vector
CALL CROSS8( EarthRate,RS,V8 )

RETURN

END
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SUBROUTINE TRACK

This Subroutine finds range and velocity vectors in the Geocentric Equatorial
(IJK) syatem given the following input from a radar site.

Algorithm 3

Author

j=}
o
=2
[+
LI TR S S R A I I A

-

Outputs
R

v -

Locals
WCrossR
RhoVec
DRhoVec
TempVec
Rhov
DRhoV
ERate

Constantas
HalfpPi -
OmegaRarth -

Coupling t
RVToPos
Cross
Addvec
Rot3
Rot2
MAG

References '
BMW

Find constant values
Pind SEZ vectors from RVTOPOS
Rotate to f£ind IJK vectors

Capt Dave Vallado USAFA/DFAS

Satellite range from site
Azimuth

Elevation

Range Rate

Azimuth Rate

Elevation rate

Geodetic Latitude

Local Sidereal Tima

13K Site position vector

I1JK Satellite position vector
IJK Satelllte velocity vector

Cross product result

SEZ range vector from site
6BZ velocity vector from site
Temporary vector

1JK rangs vector from site
IJK veloclty vector from site

I1JK Earth's rotation rate vector

Angular rotation of Earth (Rad/TU)

719~472~4209 20 Sep 1990

oli]

0.0 to 2Pi rad
-Pi/2 to Pi/2 rad
bu / TU

rad / TU

rad / TU

-P1/2 to Pi/2 rad
-2Pi to 2P} rad
DU

DU
DU/ TU

pu /10
DU
by / T

Du
DU/ ™
rad / TU

1.57079632679490
0.0588335906868878

Find R and V from site in Topocentric Horlzon (SEZ) system

Cross product of two vectors
Add two vectors together
Rotation about the 3rxd axis
Rotatlion about ths 2nd axis
Hagnitude of a vector

pg. 85-8%, 100-101

SUBROUTINE Track ( Rho,Az,Kl,DRh),DAw,DEl,Lat,Lst,RS,

INPLICIT NONE
REAL*8 Rho,Az,21,DRho,DAx,DRL, Lax, Lot ,RE14),R{4),V (L)

R,V )

- Loctls
REAL®*8 WCrossR(4), RhoVec(4), DRhoVec(4), TempVec(d), RhoV(4),
[ DRhoV(4), ERate(d),HalfPi,Omsgakarth
Initialize Variables
Halfpi = 1,57079632679490D0
Osegakarth = 0.05883359068689878D0
BRate(l) = 0.0D0
ERate(2) = 0.0D0
ERate(3) = OmegakKarth

Pind SEZ range and velocity vectors

CALL RVTOPOS( Rho,Az,El,DRho,DAz,DEl,RhoVec,DRhoVec )

CALL ROT2(
CALL ROT3(
CALL ROT2(
CALL ROT3{

et e

Perform 8BZ to IJK transformation

RhoVec ,Lat-HalfPi, TempVec )
TempVec, ~L8T ; RhoV )
DRhoVec,Lat-HalfP}, TempVec )
TempVec, -L8* , DRhoV )

Pind IJK range and velocity vectors
: ADDVRC( RhoV,R8,R )

CROSS( ERate,R ,WCrossk )
RDDVEC{ DRhoV,WCrossi,V )

* C-15 *
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This Subroutine calculates Range Azimuth and Elevation and their rates given

SUBROUTINE RAZEL

the Geocentric Equatorial (IJK) Position and Velocity vectors.

Algorithm

Author
Inputs
R

v
Lat
LsT
RS

outputs
Rho
Az
El
DRho
DAz
DEl

Locals
RhoV
CRhoV
RhoVec
DRhoVec
WCrossR
BarthRate
TesmpVec
Temp
Templ
?mall

Constants
Halfpi
pi
OmagaBarth

Coupling
Mag
Cross
Rot3
Rot2
Dot

Referencos
BMW

Find constant values

Loop to £ind range and velocity vectors

Rotate to f£ind SKZ vsctors

Use if statments to f£ind Az and Bl including special cases

+ Capt Dave Vallado USAFA/DFAS 719-472-4109 27 Mar 1590

[N O T B B B

-

IJX Position Vector

1JX Velocity Vector
Geodetic Latlitude

Local Sidereal Time

IJK Site Position Vector

Satellite Range from site
Azimuth

Elevation

Range Rate

Azimuth Rate

Blevation rate

IJK Range Vector from site
1JK Velocity Vector from site
SXZ Range vector from site
SEZ Velocity vector from site
Cross product result

IJK Barth's rotatlion rate vector
Temporary vector

Temporary RRAL value
Tenporary REAL value
Tolerance for roundoff errors
Index

Angular rotation of Earth (Rad/TU)

Magnltude of a vector

Cross product of two vectors
Rotation about the 3rd axis
Rotation about the 2nd axis
Dot product of two vectors

pg. 04-89, 100-101

DU

DU / TU

~Pi/2 to Pi/2 rad
-2P1 to Pi rad

DU

DU

0 to 2P! rad
-pi/2 to Pi/2 rad
Dy / TU

rad / TU

rad / TU

DU
DU/ TU
DU
DU
DU/ TU
rad / TV

1.57079632679490
3.14159265358979
0.0588335506868878

£ Clu ?
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SUBROUTINE RAZEL ( R,V,RS,Lat,Lst, Rho,Az,El,DRho,DAz,DEl )
IMPLICIT NONE
REAL*8 R(4),V(4),RS(4),Lat,Lst,Rho,As,El,DRho,DAz,DR]

EXTERNAL DOT
Locals

REAL*8 RhoV{4), DRhoV(4), RhoVec(4), DRhoVec(4), WCrossR(4),
& ERate(4), TempVec(4), Temp, Small,HalfPi,Pi,Templ,
& OmegaBarth,Dot

INTEGER i

Initialixe Variables

Pi = 3,14159265358979D0

Halfpi = 1.5707963267949000

Omegakarth = 0,0588335906968878D0

ERate(l) = 0,0D0

ERate(2) = 0.0D0

KRate(3) = OmegaBarth

Small = 0.4,00001D0

----------- Find IJK range vector from site to satellite -——-——-w-w--
CALL CROSS( ERate,R,WCrossR )
Do i=1,3
Rhov(i) = R(i) - R8(1)

DRhoV(i)= V(i) - WCrossR(1)
ENDDO
CALL MAG( RhoV )
Rho= RhoV(4)

Convert to SEX for calculations
CALL ROT3( RhoV , LST , TempVec )
CALL ROT2( TempVec,HalfPi-Lat, RhoVec )
CALL ROT3{ DRrhoV, LS , TempVec )

CALL ROT2{ TempVec,HalfPi-Lat, DRhoVec )

Calculate Azimuth and Elevation
Temp = DSQRT( RhoVec{l)**2 + RhoVec(2)**2 )
IF ( DABS({ RhoVec(2) ).LT.Small ) THEN
IF ( Temp.LT.Small ) THEN
Templ = DSQRT( DRhoVec{l)**2 + DRhoVec(2)**2 )
Az = DATAN2( DRhoVec(2)/Templ , -DRhoVec(l)/Templ )
ELSE
IF ( RhoVec(l).GTr.0.0D0 ) THEN
Az = Pl
ELSE
Az = 0.0D0
ENDIP
ENDIP
ELSE
Az = DATAN2( RhoVec(2)/Temp , -RhoVec(l)/Temp )
ENDIP
IF ( Temp,.LT.Small ) THRN
El = Halfpl
BLER
Kl = DATAN2( RhoVec(3)/Rho , Temp/Rho )
ERNDIF

---------- Calculate Range, Azimuth and Rlevation rates -—-==w-=vee-
DRho= DOT( RhoV,DRhoV ) / Rho
IF ( DABS(Temp).GT.8mall ) THEN
DAz = ( DRhoVec(l)*RhoVec(2) - DRhoVec(2)*RhoVec(l) ) /

§ (Terp*+*2)
ELSE
DAz= 0,0D0
ENDIP

IP ( DABS{Temp).GT.0.000000001D0 ) THEN
DEl = ( DRhoVec(3) - DRho*DSIN( Rl ) ) / Temp
BLSE
DEl= 0.0D0
ENDIF
RETURN
END
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SUBROUTINE ELORB

This Subroutine finds the classical orbital elemenis given the Geocentric
Bquatorial Position and Volocity vectors. Spscial cases for equatorial
and circular orbits are also handled. IF eloments are Infinite, they
are set to 999999.9. 1If elements are Undefirnid, they are set to 999999.1.
Be sure to chack for these during outputi!

Algorithm : Initialze varliabies
If the Hbar magnitude exists, continue, otherwise exit and
assign undefined values
Pind vectors and values
Determine the type of orbit with IF statements
Prind angles dapending on the orbit type

Author t Capt Dave Vallado USAPA/DFAS 719-472-4109 20 Sep 1990
Inputs H
R - IJK Position vector DU .
v - IJX Velccity vector DU/ TU
Outputs t
P - Semi-latus rectum oll}
A - semi-major axis DU
Ecc - eccentricity
Inc - inclination 6.0 to P! rad
Omaga - Longitude of Ascending Node 0.0 to 2Pl rad
Argp ~ Argument of Perigee 0.0 to 2P1 rad
Nu = True anomaly 0.0 to 2Py rad
] - Mean Anomaly 0.0 to 2P§ rad
U - Argument of Latitude {CI) 0.0 to 2P} rad
L - True Longitude ({cr) 0.0 to 2P rad
CapPli - Longitude of Periapslis (XB) 0.0 to 2Pi rad
Locals 1
Hbar = Angular Komentum H Vector pu2 / ™
Ebar ~ Becentricicy B Vector
Nbar - Line of Nodes N Vector
cl - Ys*2 ~ u/R
RDotV - RDot V
c3 - Hk unlt vector
Small ~ Tolaerance for roundoff errors
SME - Specfic Mechanical Energy Du2 / TU2
i = index
E - Beccentrlc Anomaly rad
D ~ Parabolic Eccentric Anomaly rad
4 - Hyperbollc Eccentric Anomaly rad
Temp - Temporary value
TypeOrbit - Type of orbit BE, BRI, CE, CX
Constants t
HalfPpi - 1.570796326794%0
1 31 - 3.14159265358979
TWwoP} - 6.28318530717959
Infinite - Flag for an infintite element 999999.9
Undefined - Flag for an undefined element 939999.1
Coupling 3
HAG Magnitude of a vector
CROSS Cross product of two vectors
DoT DOT product of two vectors
DACOSH Inverse Double Precision Hyperbolic Cosine Function
ANGLE Angle between two vectors
References H
BMW pg. 58 - 71
Bacobal pg. 104-107 ~
Kaplan pg. 29 -~ 37
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SUBROUTINE ELORB ( R,V, P,A,Rcc,Inc,Omega,Argp,Nu,M,U,L,CapPl )

IMPLICIT NONE
REAL*S R(‘),V(t),P,A,lcc,Iuc,Olnga,Mgp,Nu.H,U:L:CapPl
BXTERNAL DOT,DACOSH

Locals

REAL*8 cl,RDotV,c3,Small,SME,Hbar(4),Rbar(4),Nbar(4),TwoPi,
HalfPi,Pi{,Dot,Undefined,Infinite,R,?,D,DACoSh,Temp

INTEGER 1}

CHARACTER*2 TypeOrbit

Initialize Variables

Pi = 3,14159265358979D0
Halfpi = 1,57079632679490D0
TwoPi = 6.28318530717959D0
Small = 0.000001D0
Infinite = 999999.9D0
Undefined = 999999,1D0

CALL HAG( R

CALL MAG( V )

~~==~ Find H N and E vectors

CALL CROSS( R,V,Ebar )

IP ( HBar(4).GT.Small ) THRN
Nbar(l)= -Hbar(2)
Nbar{2)= Hbar(l)
Nbar(3)= (,0DC
CALL MAG( Nbar )
clz V{4)%*2 - 1,0D0/R(4)
RDotV= DOT{ R,V )

DO i= 1,3

Bbar(i)= cl*R(1) - RDotV*V(}{)
BNDDO
CALL MAG( Ebar )

Pind a e and semi-latus rectum -———vemmcm—sene--
SMB= ( V(4)%**2 / 2,0D0 ) - ( 1.0DO/R(4) )
IF ( DABS{SME).GT.S8mall ) THEN
Ax -1,0D0 / (2.0DO%SNE)
BLSE
A= Infinite
BNDIP
Becex Ebar(4)
Pz HBar(4)**2

rind inclinatlon
¢3= HBar(3)/HBar(4)

IF ( DABS( DABS(c3)-1.0D0 ).LT.Small ) THEN

I? ( DABS(Hbar(3)).GT.0.0D0 ) THRN
c3= DSIGN{ 1.0D0,Hbar(3) )
ENDIP
ENDIP
Inc= DACOS( ¢3 )

-------------- Determine type of orbit for later use ~——~————v--w--

TypeOrbit= 'RI'
1P ( Ecc.LT.Small ) THEN

Circular Bguatorial
I¥ (( Inc.LT.Small ).or.( DABS{Inc-Pi),LT.Small )) THEN
TypeOrbit= 'CR'
BLSE

Circular Inclined
TypeOrblit= 'CI'
ENDIP
ELSE

---------- Elliptical, Parabolic, Hyperbolic Equatorial -~--=-=v—oc-~

I? (( Inc.LT.Small ),or.( ABS({Inc-Pi).LT.Small )) THEN
TypeOrbit= 'BB'
RNDIP
BNDIF
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* ee—cem—e~---———— Pind Longitude of Ascending Node
IF ( NBar{4).GT.8mall ) THEN
Temp= Nbar(l) / NBar(4)
IF ( DABS(Temp).gt.1.0D0 ) THEN
Tenp * DSIGN( 1.0D0,Temp )
ENDIFP
Omega= DACOS{ Temp )
IF ( NBar(2).LT.0.0D0 ) THEN
Owaga= TwoPi —~ Omega
ENDIP
ELSE
Omega= Undefined
ENDIP

* Find Argument of perigee
IF ( TypeOrbit.eq.'SBI' ) THEN
CALL ANGLE( NBar,EBar, Argp )
IF (EBar(3).LT.0.0D0) THEN
Argp= TwoP! - Argp
BNDIF

ELSE
Argp= Undafined

ENDIP

* Pind True Anomaly at Bpoch
IP ( TypeOrbit(l:l).eq.'R' ) THEN
CALL ANGLE( EBar,R, Nu )
IF (RDotV,LT.0.0D0) THEN
Nu= TwoPl - Nu
ENDIP
ELSE
Nu= Undeflined
ENDIP

A emmm—e—eee Find Argument of Latitude - Circular Inclined -=--=s--—=
IF ( TypeOrbit.®Q.'CI' ) THEN
CALL ANGLE( NBar,R, U )
IF (R(3}.LT.0,0D0) THEN

U= TwoPl - U
ENDIF
ELSE
U= Undefined
BNDIF
X o Find Longlitude of Perigee - Elliptical kquatorial -—--==-—--

IP (( EBar{4).GTr.8mall ).and.{ TypeOrbit.FQ.'RE' )) THEN
Temp = EBar(l)/KBar(4)
IF ( DABS{Temp).gt.l1.0D0 ) THEN
Temp = DSIGN( 1,.0D0,Tsmp )
ENDIP
CapPl= DACOS( Temp )
IF (Ebar(2).L7.0,0D0) THRN
CapPi= TwoPl - CapPi
ENDIP
IF (Inc.GT.HalfPi) THEN
CapPi= TwoPl - CapPl
ENDIP
ELSR
CapPi= Undefined
ENDIP

K e Find True Longituds - Circular EqQuatorial =——-—~==mc—e—ee-
IF (( R{4).GT.8mall ),and.( TypeOrbit.EQ.'CE' )) THEN
Temp = R(1)/R{4)
IP { DABS{Tenp).gt.1.0D0 ) THEN
Terp = DBSIGR( 1.0D0,Texp )
BNDIF
L= DACOS( Texp )
1P (R(2).LT.0.0D0) THEXN

L= TuoPl - L
ENDIP
1?7 (Inc.GY.HalfPl) THEN
L= TwoPi - L
RNDIF
ELSE
L= Undefined
ENDIP
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Find Mean Anomaly for all orbits

Hyperbolic
IF ((Ecc~1.0D0).GT.Small) THEN
F= DACOSH( (Bcc+DCos{Nu))/(1.0D0+Bcc*DCos(Nu)) )
M= EBcct*DSinh( F ) - P
ELSE

Parabolic
IF ( (DABS{ Bcc~1.0D0 )).LT.Small ) THEN
= DSQRT( p ) * DTan{ Nu )

= (1.0D0/6.0D0)*( 3.0DO*p*D + D**3 )

D
M
ELSE

* Elliptical
. IF ( Ecc.GT.Small ) THEN
Temp= 1.0D0 + ecc*DCos(Nu)
IF ( DABS(Temp).lt.Small ) THEN

M = 0.0D0
ELSE
. ¢l = ( DSGRT(1.0D0-Ecc**2)*D8in(Nu) ) / Temp

c3 = ( Bcc + DCos(Nu) ) / Temp
IF ( DABS{cl).gt.1.0D0 ) TEEN
cl = DBIGH({ 1.0D0,cl )
ENDIF
IP ( DABS{c3).gt.1.0D0 ) THEN
c3 = DSIGN( 1.0D0,c3 )
ENDIF
E = DATan2( cl,cd )
M =K ~ Bee*D8in( K )
ENDIF
BLSE

* Circular
IF ( TypeOrbit.mQ.'CE' ) THEN
M=l
ELSE
M=U
ENDIP
ENDIF

ENDIF
ENDIF

IF ( M.Lt.0.0D0 ) THEN
H = M + TwoPl

ENDIP
®
* Write( *,20 ) ‘H = ',Hbar(l),Hbar(2),Hbar(3),Rbar(4)
* Write{ *,20 ) *N = ',Nbar{1),Mbar{2),Nbar(3),Nbar(4)
* Write{ *,20 } 'E = ‘',Ebar{l),Bbar(2),Bbar(3),Rbar(d)
* Write( *,* ) 'BSME= ', 8ME,' DU2/TU2'
* 20 FORMAT{ A4,2%X,4(F13,7) )
*
BLSE
P = Undetined
A = Undefined
¥ce = Undefined
Inc = Undefined
Omsga= Undefined
Argp = Undefined
Nu = Undefined
M = Undelined
U = Undefined
- 1 = Undefined
CapPi= Undefined
ENDIF
RETURN
END
o *
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SUBROUTINE RANDV

This Subroutine finds the position and velocity vectors in Geocentric
Equatorial (IJK) system given the classical orbit elements.
P is used for calculations and that semi major axis, a, is not.
convention allows parabolic orbits to bs treated as well as the other

NOTICE
This

conic sections. Notice the special cases leave Argp, Omega and Nu equal

to zero, rather than setting thsm to some large number as a flag for
infinite or undefined. This allows the routine to process different types
of orbits with OKR transformation matrix since zeros will leave the vectors
unchanged during that phase of the transformation.

Algorithm + Select the type of orbit through IF statements
and assign Omega, Argp, and Nu a
Although thess values change, they are NOT passed back
Pind the PQW position and veocity vectors
Rotate by 3-1-3 to IJK. Order is important

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990 .
Inputs t
P -~ Semi-latus rectum DU
B - eccentricity 0.0 to ...
Inc - inclination 0.0 to Pi rad
Omsga - Longitude of Ascending Node 0.0 to 2pi rad
Argp - Argument of Perigee 0.0 to 2Pl rad
Nu - True anomaly 0.0 to 2P} rad
U - Argument of Latitude {CI) 0.0 to 2Pi rad
L -~ True Longlitude (CE) 0.0 to 2P} rad
CapPi - Longitude of Periapsis (xE) 0.0 to 2Pl rad
Outputs '
R -~ IJK Posltion vector DU
v -~ I1JK Velocity vector bu / TU
Locals H
Temp ~ Temporary REAL valus
8mall - Tolerance for roundoff errors
Rpqw - PQW Positlion vector Dy
Vpgw - PQW Velocity vector pu /T
TempVec - PQW Velocity vector
Constants t
Pl 3,14159265358979
Coupling H
HAG Magnitude of a vector
ROT3 Rotation about the 3rd axis
ROT1 Rotation about the lst axis
References H
BHW pg. 71-73, 80-83
Bscobal pg. 68-83
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SUBROUTINE RandV ( P,E,Inc,Omega,Argp,Nu,U,L,CapPi, R,V )
IMPLICIT NONB
REAL*8 P,R,Inc,Omega,Argp,Nu,t,L,CapPi,R(4),V(4)

Locals
REAL*8 Temp, Small,Rpqw(4), Vpqw(4), TempVec(4), Pl

Initialize Variables
Small = 0.000001D0
Pl = 3,14159265358979D0

Determine what type of orbit is involved and set up the
set up angles for the special cases.

I¥ ( E.LT.Small ) THEN
Circular Bquatorial
IF (( Inc.LT.Small ).or,( ABS(Inc - Pi).LT.Small )) THEN

Argp = 0,000
Omega= 0.0DO
Nu =1
Circular Inclined
RLSKR
Argp= 0.0D0
Nu =U
ENDIF
ELSE

Elliptical Bquatorial
IF ({ Inc.LT.Small ).or.( ABS(Xnc - Pi).LT.Small )} THEN
Axrgp = Cappl
Omgga= 0.0D0
ENDIF
ENDIF

-------------- Form PQW position and v.loclty VeCctors ~—--———mm—m——=-
Temp= P / (1.0D0 + B*DCOS(NU))
Rpqw(1)= Temp*DCO3(NU) !
Rpqw(2)= Temp*DSIN(NU)
Rpqw(3)= 0,000
Vpqw(1)= -DSIN(NU)/DSQRT(P)
Vpqw(2)= (B + DCOS(NU)) / DSQRT(P)
quv(3)= 0.0D0
L MAG( Rpqw )
CALL MAG( Vpgw )

Perform tranaformation to I1JX
CALL ROT3( Rpgqw . -Argp , TempVec )
CALL ROT1{ TempVec, -Inc , TsmpVec )
CALL ROT3{ TempVec, -Omega, R )

CALL ROT3( Vpgw , -Axgp , TempVec )
CALL ROTY( TempVec, -Inc , TempVac )
CALL ROT3{ TempVec, ~Omega, V )
RETURN
END
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SUBROUTINE GIBBS

This Subroutine performs the Gibbs method of orbit determination. This
method determines the velocity at the middle point of the 3 given position
vectors. Several flags are passed back.

Flt = 0 ok
Flt = 1 not coplanar
P1t = 2 orbit impossible

The Gibbs method is best suited for coplanar, sequential position vectors
which are more than about 10 deg apart. Notice the angle is passed back
30 the user may make a decision about the accuracy of the calculations as
vectors which are 120 deg apart may be accurate, while vectors 8 deg '
apart would not. The method will calculate the resulting velocity using
the vectors IN THE ORDER GIVEN, 1IF the calculations are not possible,
V2 is set to 0.0. Notice a 1 deg tolerance is allowed for the coplanar
check. This is necesisary to allow for noisy data in the estimation project.

Algorithm ¢ Initialize values including the answer
Pind if the vectors are coplanar, else set a flag
Check that the orbit is possible, else set a flag
Find the largest angle betwesn the vectors
Calculate the answer

Author : Capt Dave Vallado USAFA/DPFAS 719-472-4109 28 Mar 1990
Inputs H
Rl - IJK Position vector #l DU
R2 - IJK Positlion vector $2 DU
R3 - IJK Position vector §3 DU
Outputs H
V2 =~ IJK Velocity Vector for R2 DU/ TU
Theta - Angle batween the two veotors rad
Flt - Flag indicating success 0,1, 2
Locals i
tover2 -
1 -
Small - Tolerance for roundoff srrors
rimr2 - Magnitude of rl ~ r2
r3mrl - Magnitude of r3 - rl
r2mr3 - Magnitude of r2 ~ r3
P - P Vector r2 % r3
q = Q Vector r3 x rl
w ~ W Vector rl ¥ 2
a4 -~ D Vector prqtw
n = N Vector (rl)p + (r2)q + (r3)w
s - 8 Vector (r2-r3)rl+{r3-rl)r2+(rl-r2)r3
b - B Vector dxr2
Thetal - temporary angle between the two vectors rad
pN - P Unit Vector
R1IN -~ Rl Unlt Vector
dn - D Unit vector
nn - N Unit Vector
i - index
Constants L
None.
Coupling 3
MAG Hagnitude of a vector
CROSS Cross product of two vectors
DoT Dot product of two vectors
ADVEC3 rdd three vectors
LNCOM2 Multiply two vectors by two constants
LNCON3 Add three vectors each multiplied by a constant
RORM Creates a Unit Vector
ANGLE Angle between two vectors
References 1
BMW pg. 109-116
Bscobal pg. 306-307
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SUBROUTINB GIBBS ( R1,R2,R3, V2,Theta,flt )
IMPLICIT NONE
REAL*8  R1(4),R2(4),R3(4),V2(4),Theta
INTEGER Flt
EXTERNAL DOT

Locals
REAL*8 tover2, 1, Small, rlmr2, r3mrl, r2mr3,p(4), q(4), w(4),
& a(4), n(4), s(4), b{4), Dot, PN(4), RIN(4),dn(4),nn{4),
& Thetal
INTEGER 1

Initialize Variables

Small= 0.000001D0
Flt =0
Theta= 0.0D0
CALL NAG{ Rl )
CALL MAG( R2 )
CALL MAG( R3 )
Do i~ 1,4

v2(i)= 0.0D0
ENDDO

Determine if the vectors are coplanar. The DOT product of Rl and the
normal vector of R2 and R3 will be 0 if all three vectors are coplanar.
The Vectors are normalized to accept very small and very largo
vectors. The magnitudes are left out of the DOT product equation :
rln dot pn = rln pn Cos() : since each vector is normalized, so the
magnitudes are 1.0. A 1 deg tolerance is allowed for estimation, and
is implomented by allowing the angle between Rln and Pn to range from
89,0 to 91.0 deg, or Cos(83.0) = 0,017452406.

CALL CRO8S{ R2,R3,P )
CALL CROSS( R3,R1,Q )
CALL CROS8( R1,R2,W )
CALL NORM( P,PN )
CALL NORM( Rl, RIN )
IF ( DABS( DOT(RLN,PN) ).GP,0.017452406D0 ) THEN
Plt= 1
ELSE
CALL ADVEC3( P,Q,W,D )
CALL LNCOM3{ RL(4),R2(4),R3(4),P,0,W,N )
CALL NORM{ N, NN )
CALL NORM{ D, DN )

Determine if the orbit is possible. Both D and N sust be in
the same direction, and non-xero.

IF ( ( DABS(d(4)).LE.S8mall ).or.( DABS(n(4)).LE.SMALL )
& +or.(DOT(nn,dn) .LE.Small) ) THEN
Plt= 2
ELSE

CALL ANGLE{ R1l,R2, Theta )

CALL ANGLE( R2,R3, Thetal )

IP ( Thetal.GT.Theta ) THRN

Theta = Thetal
ENDIF

Perform Gibbs wmathod to find V2
Rlmr2= R1{4)-R2(4)

R3mrl= R3(4)-R1(¢)

R2mr3= R2(4)~R3(4)

CALL CRO8S( d,r2,b )

L = 1,000 / DEQRT(A(4)*n(4))

Tover2= L/R2(4}

CALL LNCOM2{Tover2,L,B,8,V2)

ENDIF
ENDIP
RETURN
END
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SUBROUTINE HERRGIBBS

This Subroutine implements the Herrick-Gibbs approximation for orbit
determination, and finds the middle velocity vector for the 3 given
position vectors. The method is good for fast calculations and small
angles, <= 10 deg. Notice the angle is passed back since vectors which
are 12 deg apart may actually be accurate, while vectors which are 170 deg
apart would not. The observations NUST be sequential and taken on one
revolution. The Use of Julian Dates for input makes it much easier to
perform calculations where the sights occur around midnight. Several
flags are pasied back:

Flt = 0 ok
Flt = 1 orbits not coplanar
Flt = 2 angles betwaen the vectors are larger than 10 deg

Notice a 1 deg tolerance is allowed for the coplanar check. This is
necessary to allow for nolay data in the estimation project.

Algorithm s Initialize values including the answer
Find if the vectors are coplanar, elss aet a flag
Find the largast angle between ths vectors
Calculate the Taylor series for the answer

Author 1 Capt Dave Vallado USAFA/DPAS 719-472-4109 28 Mar 1990
Inputs :

Rl - IJK Poslition vector #l DU

R2 = I1JK Posltion vector #2 bu

R3 ~ IJK Position vector §3 by

Jpl = Julian Date of lst sighting days from 4713 B.C.

Jb2 = Jullan Date of 2nd sighting days from 4713 B.C.

Jp3 =~ Julian Date of 3rxd sighting days from 4713 B.C.
Outputs :

v2 =~ IJK Valocity Vector for R2 Dy / TU

Theta =~ Angle batveen ths two vectors rad

Pt ~ rlag indicating success 0,1, 2
Locals t

dat21 ~ time delta between rl and r2 ™

at3l ~ time delta betwesn r3 and rl TV

dae32 ~ time dslta betwesn r3 and r2 TV

TolAngle ~ Tolerance angle (10 deg) rad

Thetal ~ temporary angle between the two vectorsrad

P ~ P vector r2 x rl

pN ~ P Unlt Vector

RIN ~ Rl Unit Vector

Terml - Pirst Term for HGibbs expansion

Term2 ~ Second Term for HGibbs expansion

Tarm3 -~ Third Term for HGibbs expansion

-~ Index

Constants H

TUMin - Hinutes in each Time Unit 13.44665108204
Coupling 3

MAG Magnituds of a vector

CROSS Cross product of two vectors

DoT Dot product of two vectors

NORM Creates a Unit Vector

LNCOM3 Combination of three vectors and three scalars

ANGLE Find the angle between two vectors
References 3

Escobal pg. 254-256, 304-306
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SUBROUTINE HerrGibbs ( R1,R2,R3,JD1,JD2,3D3, V2,Theta,®Lt )
IMPLICIT NONE
RBAL*8 R1(4),R2(4),R3(4),ID1,JD2,JD3,V2(4),Theta
INTEGER Flt
BXTERNAL DOT

Locals
REAL*8 dt21, A4t3l, 4t32, TolAngle,p(4)., Thetal,

& TUMin, Dot, PN(4), RIN(4), Terml,Term2,Term3
INTEGER i

Initialize Variables
13.44685108204D0

TUMIn =
Flt = 0
Theta = 0.0D0
CALL NAG( Rl )
CALL MAG( R2 )
CALL MAG( R3 )
Do 1= 1,4
v2(i)= 0.0D0
ENDDO
TolAngle= 0.174532925D0
DT21= (JD2-JD1)*1440.0D0/TUMin
DT31= (JP3~JD1)*1440.0D0/TUNin
DT32= (JD3-JD2)*1440.0D0/TUNin

Determine 1f che vectors are coplanar. 'The DOT product of Rl and the
normal vector of R2 and R3 will be 0 if all three vectors are coplanar.
The Vectors are normalized to accept very small and very large
vectors. The magnitudes are left out of the DOT product equation :
rln dot pn = rln pn Cos() t since each vector is normalized, so the
magnitudes are 1.0. A ) deg tolerance is allowed for estimation, and
1s implemented by allowing the angle batween Rln and Pn to range from
89,0 to 91.0 deg, or Cos(89.0) = 0,0174%2406.

CALL CROSS( R2,R3,P )
CALL NORM( P,PN )
CALL NORM( Rl, R1N )
IF ( DABS( DOT(RIN,PN) ).G?.0.017452406D0 ; THEN
Flt= 1
ELSE

Check the size of the angles between the three position vectors.
Herrick Gibbs only gives “reasonable® answers when the
position vectors are reasonably close. 10 deg is only an estimate.

CALL ANGLE( R1,R2, Theta )
CALL ANGLE( R2,R3, 'thetal )
IF { Thetal.GT.Theta ) THEN
Theta = Thetal
ENDIX
IF ( Theta.GT.TolAngle ) THEN
Flt= 2
ENDIP

-------------- Perform Herrick-Gibbs mathod to find V2 —-==--ome—cua-
Terml = -dt32#( 1,0D0/ (4t21*dt3l) + 1.0D0/ (12%rl(4)**3) )
Torm2 = (dt32-4t2l1)*( 1.0D0/ (dt21%*at32) +
6 1,0D0/ {12%r2(4)**3) )
Term3 = dt21l*( 1,0D0/ (4t32*dtil) + 1.0D0/ (12*r3(4)+%*3) )
CALL LNCOM3( Terml,Term2,%erm3,Rl,R2,R3, V2)

[l ]

ENDIP?
RETURN
END
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This Subroutin
Variable cal
terms to ell
negative val
as Z gets la

SUBROUTINE PINDCand$S

e calculates the C and 8 functions for use in the Universal
culations. NOTE equallity is handled by tha serizs expansion
minate potential discontinuities, The series is only used for
ues of Z since the truncation results in rather large errors
rger than about 10.0.

Algorithm + If 2 is greater than zero, use the exict formulae else
use the series form
Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 30 Jan 1991
Inputs H
ZNew ~ Z varlable -
Outputs 3
CNew - C function value
SNew - 8 function value
Locals H
25qrd ~ ZNew squared
ZFrth -~ ZNew to the fourth power
Sqrtz ~ Square root of ZNaw
Constants :
None.
Coupling :
None.
References s
BHW pg. 207-210 (Complete graph of 8 and C)
Kaplan pg. 304-305
SUBROUTINE FindCandS ( ZNew, CNew,SNew )
IMPLICIT NONE
REAL*8 ZNew,CNew,SNew
Locals
REAL*8 SqrtZ, 2Z8qrd, 2PFrth
———- Implemantation
IF ( ZNew.GT.0.0D0 ) THEN
sqrtZ2 = SQRT( Znew )
CNew = (1.0D0-DCOS( SyrtZ )) / 2ZNew
SNew = (8qQrtZ-DSIN( SqrtZ )) / ( Sqrt2**3 )
ELSE
28qrd = ZNewk*2
ZFrth = 28qrg**2
CNew = 0.5D0 - ZNew/24.0D0 + 2Sqrd/720.0D0
5 - (28qrd*2ZNew)/40320.0D0 + 2Prth/3628600.0D0
& - (2Prth*ZNew)/479001600.0D0
SNew = 1.,0D0/6.000 - ZNew/120,0D0 + 28qrd/5040.0D0
& - (2Sqrd*2ZNew)/362880.0D0 + ZPrth/39916800.0D0
& -~ (ZPrth*ZNew)/6227020800.0D0
ENDIF
RETURN
END
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SUBROUTINE NEWTONR

This Subroutine performs the Newton Rhapson iteration to find the
Bccentric Anomaly given the Mean anomaly. The True Anomaly is also
calculatad.

Algorithm : Setup the first guess
Locp while the answer has not converged
Write an error if the answer doesn't converge
Find the True Anomaly using ATAN2 to resolve quadrants

Author : Capt Dave Vallado UBAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H

[} - Eccentrlclity 0.0 - 1.0

M - Mean Anomaly 0.0 - 2Pi rad
outputs :

EO - Bccentric Anomaly 0.0 - 2Pi rad

Nu - True Anomaly 0.0 ~ 2P} rad
Locals :

Bl ~ Bccentric Anomaly, next value rad

Sinv ~ Sine of Nu

Cosv - Cosine of Nu

i - Index
Constants 1)

None.
Coupling :

None.
Refarenzes :

OMW pg. 184-186, 220-222

SUBROUTINE NewtonR ( E,M, XO0,Nu )
INPLICIT NONE
REAL*S K,H,R0,Nu
INTEGER |

Locals
REAL*8 Sinv, Coav, EL

Initialize Variables
BO= M
i= 1

------------- Yewton Iteration for Rccentric Anomaly —===—-——=-cew——-
Bl=z RO - ( ( 20 - o*DSIN(R0)-m ) / ( 1.0 ~ e*DCO8(RO) ) }

DO WHILR ( (DABS(EL1-E0).G?.0.0000001D0).and.(i.1s.20) )
R0= Bl
T1= TO - { ( E0 - ¢*DSIN(RO)~m ) / ( L.0D0 - e*DCOS(EO) ) )
= + 1
ENDDO

IP ( 1.gt.20 ) THEN
WRITB(*,*) ‘Newton Rhapson not converged in 20 Iterations'
ENDIPX

Pind Trus Anomaly at Epoch
8inv= ( DSORT( 1.0D0-e*e¢ ) * DSIN(El) ) / ( 1.0D0-e*DCOS(El) )
Cosvs ( DCOS{El)-e )} / ( 1.0D0 - e*DCOS(Bl) )

NU = DATAN2{ Sinv,Cosv )

RETURN

BND




SUBROUTINE KEPLER

This Subroutine solves Keplers problem for orbit determination and returns a
future Geocentric Equatorial (IJK) position and velocity vector. The
solution Subroutine uses Universal variables.

Algorithm + Initialize varlables
Find size and shape parameters for all cases
Sstup initial guesses with IF statements
Loop while the time has not converged
If too many iterations, print an error
otherwlise calculate the answer

Author 1 Capt Dave Vallado USAPA/DPAS 719-472-4109 12 Aug 1988 -
Inputs H

Ro - IJX Position vector - initial DY

Vo - IJK Velocity vector - initial DU / TU

Time - Length of time to propagate TU P
Outputs H

R - IJK Position vector DU

v ~ IJK Velocity vector by / TU
Locals :

F - { expression

G - g expression

Fhot - £ dot expression

Gbot - g dot expression

Xo1d - C1d Universal Varlable X

Xoldsqrd -~ X0ld squared

XNew - New Universal Varlable X

XNewSqrd - XNew squared

ZNew - New value of 2

CNew - C(x) function

SNew ~ 8(z) tunction

DeltaT - changs in t TV

TimeNaw -~ New time TV

RbotV - Result of Ro dot Vo

A - Semi major axis i}

Alpha - Reciprocol 1/a

SME - Specitic Wech Energy pu2 / TU2

Porlod - Time period for satellite TU

S - Variahle for parabolic case

W ~ Varlable for parabolic case

Temp - Tamporary real value

Small - Tolerance for roundoff errors

i - index
Constants H

HalfPi 1.57079632679490

TwoPi 6.28318530717959

Infinite - Flag for an Infinlte olement 999999.9
Coupling :

HAG Magnituds of a vector

DOT Dot product of two vectors

cor Cotangsnt function

PindCands ?ind C and 8§ functions
References H

Kaplan Pi1. 3C4-308 ( Includes first guess for u it parabolic)

BMW pg. 191-199, 203-212
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SUBROUTINE Kepler ( Ro,Vo,Time, R,V )
IMPLICIT NONE
REAL*8 Ro(4),Vo(4),Time,R(4),V(4)
EXTBRNAL DOT, COT

Locals
REAL*8 F, G, FDot, GDot, DeltaT, XO0ld,X0ldSqrd,XNew,XNewSqrd,

& ZNew, CNew, SNew,TimeNew,RDotV,A:Alpha,

& SMB,Period,S,W,Tenp, 8Small,TwoPl,HalfPl,Dot, Cot,Infinite
INTEGER §

Initialize Variables
1.57079632679490D0
6.28318530717959D0

999999.9

HalfPi
TwoPl
Intinite
Small 0.000001D0
TimeNew = ~10,0D0
CALL MAG( Ro )
CALL MAG( Vo )
RDotV= DOT( Ro,Vo )
Do i=1,4

v(i)= 0.0D0
ENDDO

Wosoe oo

Find SME, Alpha, and A
SME= ( Vo(4)**2 / 2.0D0 ) ~ ( 1.0DO/Ro(4) )
Alpha= ~SNE*2,0D0
IF (DABS( SME ),GT.Small) THEN
A= -1,0D0 / ( 2.0DO*SHE )
ELSE
A= Infinite
ENDIP
IF (DABS( Alpha ).LT.Small) THEN
Alpha= 0.0D0
ENDIF

Setup initial guess for x
Circle and Ellipse
IP (Alpha.G2.Small) THEN
Period= TwoPi * DSQRT( DABBIA)**3 )
I1r (DABS( Time ).GT.ABB{ Period )) THEN
Time= DMOD( Time,Period )
ENDIP
IP (DABS(Alpha-1.0D0).GT.Small) THEN
X014 = Time * Alpha
ELSE
------ Make sure 1lst guess isn't too close for a circle, r=a —-~—----
X01d= Time*Alpha*0.97D0
ENDIF
ELSE

Parabola
IF (DABS( Alpha ).LT.Small) THEN
8= 0.5D0 * {HalfP! - DATAN(
& 3.0D0O*DEQRT{ 1.0D0/(Ro(4)**3) )* Time ) )
W= DATAN( DTAN({ 8 )**(1.,000/3.0D0 ) )
X01d = DSQRT(Ro(4))*( 2.0D0*COT(2.0D0%*W) )
Alpha= 0.0D0

BLSE
Hyperbola
Temp= -2,0D0*Time /
& ( A*{ RDotV + BIGN(1.0D0,Time)*
& DSQRT(-A)*(1.0D0-Ro(4)/a) ) )
X0ld= SIGN( 1.0D0,Time ) * DSQRT({ —-A ) * DLOG( Temp )
ENDIP
ENDIF
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i= 1

DO WHILE ( (DABS(TimeNew-Time).GT.0.000001D0).and.(i.LE.15) )
X0ldsqgrd= X01d**2
ZNew = X01dSgrd * Alpha

Pind C and 8 functions
CALL FindCandS( ZHew,CNew,SNew )

————————— Use a Newton iteration for new valugs —————c-ccemcea-

TimeNow = X014Sgrd*X0ld*SNew + RDotV#X01dSqrd*CNew +
Ro(4)*XO01d*( 1.0D0 - ZNew*SNew )

DeltaT = X0ld8qrd*CNew + RDotV*X0ld*( 1,0D0 - ZNew*SNew )+
Ro(4)*( 1.0D0 ~ ZNew*CNew )

Calculate new value for x
XNew = X01d + ( Time~TimeNew ) / Delta?T

Check if the orbit is an ellipse and xnew.GT.2pi SQRT(a), the step
size must be changed. This is accomplish¢d by multiplying Delta?
by 10.0. NOTR ¢! 10.0 is arbitrary, but seems to produce good
results. The idea is to keep XNaw from increasing too rapidily.

60

IF ( (A.GT.0.0D0 ).and.( ABS(XNew).GT.TwoPi*DSQRT(A)).and.
(SME,LT.0,0D0) ) THEN
XNew = XO0ld + ( Time-TineNsw ) / ( DeltaT#10.0D0 )
ENDIP

Write( *,60 ) {,X01d,TimeNew,DeltaT,XNew,SNew,CNew,znew

FORMAT( IX2,1X,7(?10.5) )
i= 4 +1
X01d = XNew

ENDDO

I¥ ( 1.GT.15 ) THEN

Write (*,*) 'Kepler not converged In 15 iterations *®

BLSE

- Calculate position and veloclty vectors at new time -—~=——we~--
XNewSqrd = XNew**2
r = 1,000 - ( XNewSqrd*CNuw / Ro(4) )
G = Time ~ XNewSqrd*XNew*SNew
Do {= 1,3
R(1)= P*Ro({) + G*vo(i)
ENDDO
CALL MAG({ R )
GDot = 1.0D0 - ( XNewSQqrd*CNew / R{4) )
FDO{ 2 ( XNew / ( Ro(4)*R(4) ) ) » ( ZNew*8SNew - 1.0D0 )
Do i= 1,3
V(i)= FDot*Ro{l) + GDot*Vo(1i)

ENDDO
CALL MAG( V)

ENDIF

RETURN
END
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SUBROUTINE GAUSS

This Subroutine solves the Gauss problem of orbit determination and returns
the veloclty vectors at each of two given position vectors. Ths solution
uses Universal Variables for calculation and a bissection technique for
updating 2. This method is slower than the Newton iteration discussed in
BNW, but it does NOT suffer problems with negative 2 values, and is valid
for ellipses LESS THAN ons revolution, parabolas, and Hyperbolas. Also
note the selection of small since the algorithm is very sensitive to
changes in this variable. A value of 0.001 will converge in say 10
iterations instead of 25 iterations with 0,000001, and the accuracy will
differ in the 3rd-4th decimal place. I chose to keep the higher accuracy
for cases like example 13, BMW pg. 274, #5.10.

{ Refer to graph on BMW pg. 235 for ranges of x. )

Algorithm t+ Initialize variables and setup initial guesses
Loop while the time has not convergsd
If too many iterations, print an error
otherwise calculate the answer

Author : Capt Dave Vallado USAFA/DPAS 719-472-4109 20 Sep 19%0
Inputs s

Ri -~ 1JX Posltion vector 1 DU

R2 - IJK Posltion vector 2 i

DM - direction of motion 'L','s’

Time - Time between Rl and R2 U
Outputs H

vl - IJK Veloclty vector DU/ T

V2 - 1JK Velocity vector buv / TU
Locals t

Vara ~ Variable of the iteration, NOT the seml major axlisi

y -

Upper - Upper bound for 2

Lower - Lower bound for 32

CosDeltaNu - Cosina of true anomaly change rad

r - £ expression

G - g expression

Gbot - g dot expression

X014 - 014 Universal Variable X

¥OldCubed - XOld cubed

2014 - New value of 2

ZNaw - New value of 1

CNew - C(z) tunctlon

SNew - 8(z) function

TimeNew - New time ki

Small -~ Tolerance for roundoff errors

i ~ index

3 - index
Conatants H

TwoPi 6.28318530717959
Coupling :

MAG Magnitude of a vector

Do Dot product of two vectors
PindCands Pind C and 8 functions

References i
BMW py. 228-241 (Uses a Newton lteration)
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SUBROUTINE GAUSS ( R1,R2,DM,Time, V1,V2)

IMPLICIT NONB

REAL*8 R1(4),R2(4),Tine,V1(4),V2(4)

CHARACTER DM

EXTERNAL DOT

Locals

REAL*8 VarA, Y, Upper,; Lower, CosDeltaNu, P, G, GDot,
& XOI.d, XOldCub.d,ZOld, Z2New, CNOH, BNOW, TIMNOV,
& Small,TwoPi, Dot

INTEGER i, J

Initialize Variables
TwoPl = 6.28318530717959D0

Small = 0,000001D0

TimeNew= -10,0D0

CALL MAG( Rl )

CALL MAG( R2 )

DO i= 1,4
vi(i)= “~p0
v2(i)= 0,000

ENDDO

CosDeltaNu= DCT(R1l,R2)/{R1(4)*R2(4))
IF (Dm.BQ.'L') THEN

varA = -DSQRT( R1(4)*R2(4)*(1.0D0+CosDeltaNu) )

ELSR
varA = DSQRT{ RL(4)*R2(4)*(1.0D0+CosDeltaRu) )
ENDIP
Porm Initial guessses
201d= 0,6Db0

CNew = 0,35D0
SNew = 1,000/6,0D0

Bounds for Z iteration
Upper= TwoPiw*2
Lowsr= ~2,0D0*TwoPi

------------ Determine if the orbit is possible at ali
SF (DABS( VarA ).GT.Smzll) THEN

Perform Gaussian Iteration using Univeraal Varliables.

Notice

the iteration ls performed using a bissection technique instead of
a Newton ltertlon. Although the Nswton iteration is quicker, the

bissection will not fail with large nagative Z values.

and lower bounds are adjusted as required to keep y from becoaming -.

The upper

(" R4
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i= 0
DO WHILE ( (DABS(TimeNew-Time).GT.Small).and.(i.LE.30) )
Yf R1(4)+R2(4)~( VarA*(1.0D0-201d*SNew)/DSQRT(CNew) )

A check is needed for special cases where VarA iz greater than 0.0.
It's possible that 2 can become very negative, and causs the square
root in the X0ld calculation to blow up. This section loops until
the ZNew value will result in a + y value. The solution is to slowly

update the lower bound of Z uutil y is +. The 0.8* for ZNew is simply

a means to let 2 change a little slower. The ZNew equation is found
by solving the y equation for z when y = 0.

Ir (g VarA.GT.0.0D0 ).and.( Y.LT.0.0D0 )) THEN
=1
DO WHILE ( ( Y.LT.0.0D0 ).and.( }.LT.10 ) )
ZNew= 0.8D0*(1.0D0/SNew)*({ 1.0D0 -~
& ( RL{4)+R2(4))*DSQRT(CNev)/VarA )

Pind C and 8 functions
CALL ¥indCand8( 2ZNew, CNew,SNew )
201d= ZNew
Lower= 2014
Y= R1(4) * R2(4) -
& ( VarA*(1.0D0-2014*SNew)/DSQRT(CNew) )
J=3+1
ENDDO
IF (j.GB.10) THEN
WRITE(*,*) 'Iteration falled for Yn in Gauss'
ENDIF
ENDIF
X0ld= DSQRT( Y/CNew )
X01dCubed= X014#*+3
TimeNew = %01dCubsd*S8New + VarA*DSQRT(Y)

Readjust upper and lower bounds ---—r~—--mee-
IF (TimeNew.LT.Time} THEN
Lower= 2014
ENDIPF
IF (TimeNew.GT.Time) THEN
Upper= 2014
BNDIF
ZNew= { Upper+Lowsr ) / 2.0D0

Write( *,60 ) 1,2014,Y,X014,TimeNew,VarA,upper,lover
60 FORMAT( I12,1X,7(P10.5) )

----------- Hake sure the first guesy isn't too close ~—=——=c—veewa-
IF ({DABS(TimeNew-Time).L7.8mall}.and.(1.8Q.0)) THEN
TimeNew = ~10.0D0
ENDIP

Pind C and 8 functions
CALL FindCands( ZMew, CNew,SNev )

72014 = ZNew
i= i +1
ENDDO

IF ( 1.GB.30 ) THERN
Write (*,*) 'Gauss not converged in 30 lterations °'
ELSE

----------- Use P and G series to find Velocity Vectors ———----——
F 1,000 ~ ( ¥ / R1{4) )

=
G = VarAtDSQRT( Y )
Gbot = 1.0D0 - Y/R2(4)
DO i= 1,3

V1(i)= ( R2(1) - P*RL(1) )/G
v2(1)= ( GDut*R2(1) - R1() }/6G
ENDDO
CALL MAG( V1 )
CALL MAG( V2 )
ENDIF

ELSE
Write( *,* ) 'Gauss problem cannot be solved'
ENDIP
RETURN
BEND
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SUBROUTINE IXJKtOLATLON

This Subroutine converts a Gesocentric Equatorial (IJK) position vector into

latitude and longitude.

Algorithm

Author

Inputs
R
Jb

Outputs
GeoCnLat
Lon

Locals
Rc
Helight
Alpha
OldDelta
DeltaLat
GeoDtLat
TwoFMinusF2
OneMinuspF2
Dalta
RSqrd
Temp
GST
SinTemp
i

Consatants
Pi
TwoPl
Flat

Coupling
MAG
GSTime

References
Escobal

3
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Initialize variables

Geodetic and Geocentric latitude are found.

PFind the longitude being carsful to reslove the angle

Setup iteration for latitude
Loop while the deltas are not equal

Write an error message if the values do not converge

Capt Dave Vallado USAFA/DFAS 719~472-4109 20 Sep 1590

1JX position vector
Julian Date

Geocentric Latitude
Longitude (WEBST -)

Range of site w.r.t. earth center
Height above earth w.r.t, site

Angle from I axis to point, LST
Previous value of Deltalat

Diff between Delta and Geocentric lat
Geodetic Latitude

2%F - P aquared

(1 ~-72) squared

Daclination angle of R in IJX system
Magnitude squared

Diff between Geocentric/Geodstic lat
Gresnwich 8idereal Time

8ine of Temp

index

Platenning of the Earth

Magnitude of a vector
Gresnwich Sidereal Time

pg. 398-399

Dy
days from 4713 B.C.

-Pi/2 to P1/2 rad
~-2Pi to 2P} rad

DU
DU
rad
rad
rad
rad

rad
Du2
rad
rad
rad

3.14159265358979
6.28318530717959
0.003352810664747352
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SUBROUTINE IJKtoLatLon ( R, JD, GeoCnLat, Lon )}
IMPLICIT NONE
REAL*8 R(4),JD,GeoCnLat,Lon
EXTRRNAL GETime

Locals

REAL*8 Rc, Helght, Alpha, OldDelta, DeltaLat, GeoDtLat,
TWwoFMinusF2,0neMinus®2, Delta, Temp, GST, RS8qrd,
Pi,TwoPi, Flat, G8Time, SinTemp

INTEGER i

" e

Initialize values
Pl = 3.14159265358979D0

TwoPl = 6.28318530717959D0

Plat = 0.003352810664747352D0
TwoFMinusP2 = 2,0D0*Flat - Flatts2
OneMinusF2 = ( 1.0D0-Flat )w+#2

CALL MAG( R )

Find Longitude value
Temp = DSQRT( R(1)*R(1l) + R(2)*R(2) )
Alpha = DATan2{ R(2) / Temp , R{1l) / Temp )
GST = GSTIME( JD )
Lon = Alpha - GST
IF ( DABS(Lon).GE.P1 ) THEN
Ir ( Lon.L7.0.0 ) THRN
Lon = TwoPi + Lon
RLSE
Lon = Lon ~ TwoPl
BNDIF
ENDIF®

8et up initial latitude value
Delta = DATan( R(3) / Temp )
IP ( DABS(Delta).GT.Pi ) THRR

Delta = DMOD{ Delta,Pi )

KNDIF
GeoCnlLat
OldDelta
Deltalat
RSqrd

Delta
1,000

10.0D0

R{4)**2

it ns

-------- Iterate to find Geocentric and Geodetic Latitude =——www—=—e-

DO WHILE ( ( DABS(OldDelta-Deltalat).GT.0.00001D0).and.
& (i.pT.10) )
0ldDelta = Deltalat
Re DSQRT({ ( 1.0D0-TwoFMinus¥F2 ) /
[ { 1.0D0-TworNinus¥2*DCOS(GeoCnLat)**2 ) )
GeoDtLat = DATan{ DTAN(GeoCnlLat) / OneMinusPF2 )
‘Tenp GeoDtLat-GeoCnlat
8inTemp DSIN(Temp)
Helght DSQRT( RBQrd - Rc**2%SinTemp*s2 ) -
¢ RC*DCOS (Tomp)
DeltaLat = DASIN( Height*SinTemp / R(4) )
GeoCnlLat = Delta - Deltalat
t=1+1
ENDDO

IF ( §.GE.10 ) THEN
Write(*,*) 'IJXtoLatLon did HOT converge *
BNDIF
RETURN
END
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This Subroutine
the Sun gliven

SUBROUTINE SUN

calculates the Geocentric Bquatorial position vector for
the Julian Date. This is the low precision formula and

is valid for years from 1950 to 2050. Accuaracy of apparent coordinates
is 0.01 degrees, Notice many of the calculations are performed in
degrees, and are not changed until later. This is due to the fact that
the Almanac uses degrees exclusively in their formulations.

Algorithm 3

Author H

Inputs !
JD -

Outputs H
RSun -
RtAsc -
Decl -

Locals :
MeanLong -
MsanAnomaly -
N -
EclpLong -

Obliquity -

Constants 3
pi
TwoPl
Rad

Coupling H
None.

References H

Calculate the several values needed to find the vactor
Be careful of quadrant checks

Capt Dave Vallado USAFA/DEAS 719-472-4109 25 Aug 1988

Julian Date days from 4713 B.C.
1Jx Position vector of the 8un AU
Right Ascension rad
Declination rad

Mean Longltude

Mean anomaly

Number of days from 1 Jan 2000
Ecliptic longitude

Maan Obliquity of the Rcliptlc

3.14159265358979
6.28318530717959
57.29577951308230

1987 Astronomical Almanac Pg. C24
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SUBROUTINE Sun ( JD, R8un,RtAsc,Decl )
IMPLICIT NONE
REAL*8 JD,RS8un(4),RtAsc,Decl

Locals
RERAL*8 MeanLong, MeanAnomaly, Eclplong, Obliquity, N, Pi,
& '.I'VOPI ' Rad

Initialize values

PL = 3.14159265358979D0
TwoPi= 6.28318530717959D0
Rad = 57.29577951308230D0
N = ( JD - 2451545.0D0 )

Meanlong= 280,460D0 + 0.9856474D0*N
MeanlLong= DMOD( MeanLong,360.0D0 )

MeanAnomaly= 357.528D0 + 0,.9856003D0*N
MeanAnomaly= DNOD( MeanAnomaly/Rad,TwoPi )
IF (MeanAnomaly.LT.0.0D0) THEN
MeanAnomaly= TwoPi + HeanAnomaly
ENDIP?

EclpLong = Heanlong + 1,915D0O*DSIN(MeanAnomaly) +
& 0,020D0*DSIN(2.0D0*NeanAnomaly)
Obiiquity= 23.439D0 - 0.0000004D0*N

MeanLong = Meanlong/Rad
IF (MeanLong.LT.0.0D0) THEN
HeanLong= TwoPi + Weanlong

ENDIP
Eclplong = EclplLong / Rad
Obliquity = Obliquity / Rad

RtAsc= DATAN( DCOS(Obliquity)*DTAN(EclpLong) )

---------- Chack that RtAsc is in the same quadrant as EclpLong ~-~--
- make sure it's in 0 to 2pl range ————m—mm—sme——-
IF (Eclplong.LT.0.0D0) THEN
EclpLong= Eclplong + TwoPi
ENDIP
IF (DABS(EclpLong~RtAsc).GT,(P1/2.0D0)) THEN
RtAsc= RtAsc + 0,.5DO*Pi*DNINT((EclpLong-RtAsc)/(0.5D0*Pl))
ENDI?

Decl = DASIN( DSIN(Obliquity)*DBIN(EclplLong) )

---------- Pind magnituds of SUN vector, then components —~=-——w~~v-—-
RSun{4)= 1.00014D0 - 0,01671D0O*DCOS( KeanAnomaly )
& -~ 0.00014D0*DCOS{ 2.0DO*MeanAnomaly )

RSun(l)= RSun(4)*DCOS{ EclpLong )
RSun{2)= RBun(4)*DCOS(Obliquity)*DSIN(RclpLong)
RSun(3)= RSun(4)*DSIN(Obliquity)*DSIN(Xciplong)

RETURN
END
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SUBROUTINE MOON

This subroutine calculates the Geocentric Equatorial (IJK) position vector
for the moon given the Julian Date. This is the low precision formula and
is valid for years between 1950 and 2050. Notice many of the calculations
are parformed in degrees. This coincides with the development in the
Almanac. The equation for RBcliptic Longitude was split in two to prevent
software problems with numeric coprocessors. The error seemed to be a
stack overflow since the equation is so long. The program errors are as
follows:

Belpitic Longitude 0.3  degrees
Belpitic Latitude 0.2 degrees
Horiz Parallax 0.003 degrees
Distance from Barth 0.2 DUs

Right Ascension 0.3 degrees
Declination 0.2 degrees

Algorithm + Find the initial quantities
Calculate dizection cosines
Find the position and velocity vector
Author 3 Capt Dave Vallado USAFA/DFAS 719-472-4109 25 Aug 1988
Inputs :
3D ~ Jullan Date days from 4713 B.C.
Outputs 1
RNoon - IJK Position vector of the Noon DU
RtAsc - Right Ascension rad
Decl - Declinatlion rad
Locals s
Eclplong - Bcliptic Longitude
EclpLat - Belpitic Latitude
HzParal - Horizontal Parallax
1 - Geocentric Direction Cosines
- [ ] -
: - L] L
Tu - Julian Centuries from ) Jan 1900
X - Temporary REAL value
Constants H
TWwoPi 6.28318530717959
Rad 57.29577951308230
Coupling :
None.
References H

1987 Astronomical Almanac Pg. D46
Bxplanatory Supplement( 1960 ) pg. 106-111
Roy, Orbital Motion Pg. 61-62 ( Discussion of parallaxes )

* 040 ¢




SUBROUTINE Moon ( JD,RMoon,RtAsc,Decl )
IMPLICIT NONE
REAL*8 JD,RMoon(4),RtAsc,Decl

* Locals
REAL*8 EclplLong, Bclplat, HaParal, 1,m,n,Tu,TwoPi, Rad, x
* Initialize values
TwoPi= 6.28318530717959D0
Rad = 57.29577951308230D0
Tu = ( JD ~ 2451545.0D0 ) / 36525.0D0
X = 218,32D0 + 481267.883D0*Tu
& + 6.29*D8in( (134.9D0+477198.85D0%*Tu)/Rad )
& ~ 1,27*D8in( (259.2D0-413335.38D0*Tu)/Rad )
[ + 0.66*DSin( (235.7D0+890534,23D0*Tu)/Rad )
EclipLong= x + 0,21D0*DS8in( (269.9D0+954397.70D0*Tu)/Rad )
& ~ 0.19D0*DSin( {357.5D0+ 35999.05D0*Tu)/Rad )
[ - 0.11D0*D8in( (186.6D0+966404.05D0*Tu)/Rad )
EclplLat = 5.1300*D8in{ ( 93.3D0+483202,03D0*Tu)/Rad )
& + 0,28D0*DSin{ (228.2D0+560400.87D0*Tu)/Rad )
& - 0,28D0*D8in{ (318.3D0+ 6003,18D0*Tu)/Rad )
) - 0,17D0*D8in( (217.6D0-407332.20D0*Tu)/Rad )
X = 0.9508D0 +
& 0.0518D0*DCos{ (134.9+477198.85%*u)/Rad )
HaParal = x + 0,0095D0*DCos( {259.2D0-413335,38N0%*Tu)/Rad )
& + 0.0078D0*DCos( (235.7D0+890534.23D0%Tu)/Rad )
& + 0.0028D0*DCos( (269.9D0+954397.70D0*Tu)/Rad )
EclpLong = DMOD( XclpLong/Rad, TwoPli )
EclpLat = DMOD{ EclpLat/Rad, TwoPl )
HzDaral = DNOD( HzParal/Rad, TwoPi )
A mmeeneescec———— Find the geocentric direction cosines ~—=-wwo—ecoa—ua
1= DCO8( EclpLat ) * DCOB( Eclplong )
m= 0,9175D0*DCOS(RclpLat ) ADSIN(RclpLong)
[ - 0.3978D0*DBIN{RclpLat)
ns 0.3976D0*DCOB(EclpLat)*DSIN(Bclplong)
[ + 0.9175C0*DSIN(BClplat)
A creemcccenaanen— Calculate Moon position vector
RMoon{4)= 1.0DO/DSIR{ HxParal )
RHoon(l)= RMoon{4)*l
RMOON(2)= HMoon{i}*®
RMoon(3)= RMoon(d)*n
* Find Rt Ascension and Declination
RtAsc= DATan2( m,1 )
Decl = DABIN( n )
RETURN
END
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SUBROUTINE PLANETRV

This subroutine calculates the planetary sphemerides using the Epoch J2000.
The coefficients ure obtained from Danbys book and provisions are left
to cbtain Heliocentric Bquatorial, or Hellocentric Rcliptic coordinates.
Notice the ephemeris presents data wrt the solar equator.

Algorithm

Author

Inputs
NumPlanet
JD

Outputs
R
v

Locals
u
1
cappl
TU

N
cbliquity
a
e

p

inc
omega
argp
nu

m
LLong
LongP
e0

Coupling
NewtonR
Randv

Constants
TwWwoP1

References
Danby
Escoba}

: Use a case statement to assign each planets values
Pind the vectors

¢+ Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989

.

Number of planet 1..9
Julian Date days from 4713 B.C.

XYZ position vector AU
XYZ velocity vector AU / TU

P9,
pg. 261-270

SUBROUTINE
IMPLICIT

PlanutRV ( NumPlanst,JD, R,V )
NONB

REBAL*8 R(4),V(4),JD
INTEGFER NumPlanet

REAL*8

INTEGER

T
T
i

Locals
UDAySun,u,l,cappi,Tu,n,obliquity,
woPl,a,o,p.!nc,omega,urgp,nu,llonq,lonqp,m,eo,nad

TwoPi
Rad

" n

Implementation
6.28318530717959D0
§7.2957795130823000

Tu = ( JD - 2451545.0D0 ) / 36525.0D0
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IF (NumPlanet.eq.l) THEN

LongP= 1,.3518643

Omega= 0.8435332

Inc = 0.1222601

. = 0.2056318

Llcng= 4.4026098

a = 0.3871035
ENDIF

IF (NumPlanet.eq.2) THEN

Longp= 2.2962199

Omega= 1.3383171

Inc = 0.0592480

e = 0.0067719

LLong= 3.1761467

a = 0.7233074
ENDIF

IF (NumPlanet.eq.3) THREN

Longp= 1.7965956

Omegas= 0.0000000

Inc = 0.0000000

. = 0.0167086

LLong= 17.4614336

a = 1.0000116
ENDIF

IF (NumPlanet.,eq.4) THEN

Longp= 5.8653576

Omagaz= 0.8649519

Inc = 0.0322838

e = 0.0934006

LLong= 6.,2034809

a = 1.5237107
ENDIF

I? {NumPlanst.eq.5) THEN

Longp= 6.5333138

Omagas 1.753435)

Inc = 0.0227464

. s 0.0484949

LLong= 0.5995468%

a = 5.2102156
ENDIF

IF (NumPlanet.eq.6) THEN

Longp= 1.6242473

Omegas 1.9638376

Inc = 0.0434391

[ s 0.0555086

LLong= 0.8740168

a z 9.5380701
ENDIF

IF (NumPlanot.eq.?7) THEN

Longp= 3.0195096

Omegas 1.2916474

Inc = 0.0134948

e = 0.0462959

LLong= 5.4812939

a = 19.1833020
ENDIP

I1f (HumPlanet.eq.8) THRN

Longp= 0.8399169

Omegas 2.3000657

Inc = 0.03089%1%

e = 0.0089881

LLong= 5.3116863

a = 30.0551440
ENDIP

IP (NumPlanet.eq.9) THEN

LongP= 3.9202678

Oregas= 1.9269569

Inc = 0.2990156

] = 0.2508770

LLong= 3.8203049

a = 39.5375800
ENDIF

Mercury

+ 0.0271656*Tu
+ 0.0207029*Tu
+ 0.0000318*Tu
+ 0,0000204¢Tu
+2608,8147071*Tu

.000005166*Tu*Tu
.000003072*Tu*Tu
.000000314%Tu*Tu
.000000030*Tu*Ty

+
+
+ 0.000005306*Tu*Tu

0
0
0
0
0

Venus

+  0.0244734*Tu

= 0.000018727*Tu%Tu

- 0.000000087*Tu*Tu*Tu

+ 0.,0157275*Tu
+ 0.0000175*Tu
=~ 0.0000478%*Tu
+1021.3529430*Tu

+ 0.000007103*Tu*Tu
= 0.000000017*Tu*Tu

+ 0.000005428*Tu*Tu

Zarth
+ 0.0300116*Tu

- 0.0000420*Tu
+ 628.33196674Tu

+ 0.000008029*Tu*Tu

+ 0.000005306*Tu*Tu

Nars

+ 0.0321323*7u
+ 0.,0134756*Tu
= 0.0000105*7u
+ 0,0000905*Tu
+ 334.0856279%Tu

+ 0.000000236*Tu*Tu
+ 0,000000279*Tu*Tu
+ 0.000000227*Tu*Tu
- 0,000000080*Tuty
+ 0.000005428*TusTy

Jupiter
+ 0.0281458*Tu

+ 0.000017994*Tu*Tu

= 0.000000070*Tu*Tu*Tu

0.0178190*Tu
0.0000959*Tu
0.0001632*1u
§2.9934808*T0

+ 4+ 1+

+ 0.000006999¢Tu*Tu
+ 0.000000087*TutTu
= 0.,000000470*TutTu
+ 0.000003910*Tu*ry

-

Saturn

+  0.0342M1*1u
+
+ 0,0153082*1u

+ 0.000014626*TU*TY
0.0000000874Tu*TutTu
= 0.000002112*TutTu

- 0.000000035*Tu*TutTu

- 0.,0000652*1u
- 0.0003468%Tu
+  21.3542956*Tu

= 0.000000262*Tu*TY
= 06.000001000*Tu*Tu
+ 0.000009076*Tu*ru

Uranus

+  0.0259422*Tu
+ 0.0090954*1u

+
+ 0.0000135¢%7u
= 0.0000273*7u
+  7.5025431%Tu

+ 0.000003752*Tu*Tu
+ 0.000023387*Tu*TU
0.000000332¢Tu*utTy
+ 0.000000646¢TutTU
+ 0.000000080%TutTu
+ 0.000005306*Tu*Tu

Reptune

0.0248931*Tu
0.0192371 %70
0.0001625*Tu
0.0000064%Tu
3.8376877%10

L S

+ 0.000006615%Tu*Ty
+ 0.000004538*TurTy
- 0.000000140*Tutru

+ 0.000005393%TutTu

Pluto




LLong= DMOD( LLong ,TwoPI )
LongP= OMOD( LongP ,TwoPI )
Omega= DMOD{ Omega ,TwoPI }

Argp= LongP - Omaga
M = LLong - LongP

CALL NewTonR( e,M, EO,Nu )
p= a*(1.0D0-e%e)

u = 0,000

1 = 0.0D0

Cappi= 0.0D0

CALL RANDV( P,s,Inc,Omega,Argp,Nu,U,L,CapPi, R,V )

x
* Alternate method for finding position vector
* r(4)= ( a*{ 1.0-e*e) ) / ( l.0+e*Cos(Nu) )
* r(l)= r(4)*( Cos(Nu+Argp)*Cos(Omega)-8in(NutArgp)*Cos(Inc)*Sin(Omega) )
* r(2)= r(4)*( Cos(NutArgp)*8in(Omega)+8in(Nu+Argp)*Cos(Inc)*Cos(Omega) )
* r{3)= r(4)*Sin(Nu+Argp)*8in(Inc)
t e Calculations required for reference to mean equator ——e=-=-=
N = ( JD - 2451545.0D0 )
Obliquity = (23.439 ~ 0.0000004D0*N) / Rad
CALL ROTI( R ,~Obliquity, R )
CALL ROT1{ V ,-Obliquity, V )
TUDaySun= 54.20765355D0
DO 10 i=1, 3
v(i)= v(1)/tudaysun
10 CONTINUE
* IP (Show.eq.'Y') THEN
* Write(*,*) * a . i omega',
& H ! Long? ')
* Write(*,5) a,®,Inc*rad,Omega*rad,LongP*rad
* Write(*,*) ! LLong Argp N Nu'
* Write(*,6) LLong*rad,Argp*rad,N*rad,Nu*rad
* Write(*,*) ‘g = ',ID
* ENDIP
* 5 FORMAT{ 5(F12.7,1X) )
* 6 FORMAT( 4(F12.7,1X) )

RETURN
END
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FUNCTION GROCKNTRIC

This Punction converts from Geodetic to Geocentric latitude. Notice that
(1-£f) aquared = l-eSqrd.

Algorithm t Find the answer
Author : Capt Dave Vallado USAFA/DPAS 719-472-4109 12 Aug 1988
Inputs :

Lat ~ Geodetic Latitude -Pi/2 ~ Pi/2 rad
Outputs [

Geocentric - Geocentric Latitude -Pi/2 - Pi/2 rad
Locals t

None.,
Constants H

ERSqrd - Eccentricity of Earth squared 0.00669437999013
Coupling :

None.
References 1

Escobal pg. 136

Kaplan pPg. 332-336

REAL*8 FUNCTION Geocentric ( lLat )
IMPLICIT NONE
REAL*8 Lat

REAL*8§ EESqrd

Initialize valuaes
RESqrd = 0.00669437999013D0
Geocentric= DATAN( (1.0D0 - BESqrd)*DTAN(Lat) )

RETURN

END

FUNCTION INVGEOCENTRIC

This Function converts from Geocentric to Geodetic latitude. MNotlce that
(1-£) squared = l-eSquared.

Algorithm : Pind the answer
Author t Capt Dave Vallado UBAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H

Lat - Geocentric Latitude -pPl/2 - Pi/2 rad
Qutputs )

InvGeocentric- Geodetic Latitude -Pl/2 - Pi/2 rad
Locals H

None.
Constants H

BESqrd - Becentricity of Rarth squared 0.00669437999013
Coupling H

None.
References L

Escobal pg. 136

Kaplan pg. 332-336

REAL*8 FUNCTION InvGeocentric { Lat )
IHPLICIT NONE
REAL*8 Lat

RBAL*8 EBSqrd

Initialise values

EBSqrd = 0.00669437999013D0

InvGeocentric= DATAN( DPAN(Lat)/(1.00D0 - RESqrd) )
RETURN
END
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SUBROUTINE SIGHT

This subroutine takes the position vectors of two satellites and determines
if there is line-of~sight between the two satellites. A spherical Rarth
with radius of 1 DU is assumed. The process iz to form the equation of
a line between the two vectors. Differentiating and setting to zero finds
the minimum value, and when plugged back into the original line eguation,
gives the minimum distance. The parameter tmin is allowed to range from

0.0 to 1.0,

Algorithm : Pind tain
Check value of tmin for LOS8
Pind dist squared if needed

Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 31 Jan 1990
Inputs :

Rl - Positlion vector of the firet sat DU

R2 - Position vector of the second sat DU
Outputs :

LOS - Line of Sight ‘Yos','No '
Locals H

ADotB - Dot product of a dot b

TMin - Minimum value of t from a to b

DistSqrd - Distance squared for min dist to eaxth DU

Asqgrd - Magnitude of A aquared

BSqrd - Magnitude of B squared
Constants H

Rone,
Coupling t

Dot Dot product of two vectors
References $

None.

SUBROUTINE SIGHT { R1,R2, 108 )

IMPLICIT NONE

REAL*8 R1(4), R2{4)
CHARACTER*3 LOS

EXTERNAL DOT
Locals
REAL*8 Dot,ADotB, TMin,Dist8qrd,A8qrd,B8qrd
BSqrd = R2(4)**2
ASqrd = RL{4)**2
ADotB = DOT( R1l,R2 )

THin = ( ASqrd ~ ADotB ) / { ASqrd + BSqrd - 2.5UO*ADotB )

IF ( (TMin.1t.0.0D0).or.(THin.gt.1.0D0) ) THEN
L08 = 'YBS®
BLSE
DistSqrd = (1.0DO-THin)*ASqrd + ADotBTMin
IF (DistSqrd,.gt.1.0D0) THRN

LO8 = 'YBR3’
ELSE
LOg = 'NO !
ENDIP
ENDIP
RETURN
END

LA {7 ]




SUBROUTINE LIGHT

This subroutine determines if a spacecraft is sunlit or in the dark at a
particular time. A spherical Rarth and cylindrical shadow is assumed.

*
*
*
®
*
*
*
*  Algorithm ¢+ Find the sun vector
* Use the sight algorithm for the answer
*
*  Author + Capt Dave Vallado USAFA/DFAS 719-472-4109 9 Feb 1990
*
* Inputs H
* R - IJK Position vector of satellite DU
* Jp - Julian Date of desired observation days
*
*  Outputs 3
* Vis - Visibility Flag ‘Yes','No '
*
* Locals 3
* RtAsc - Suns Right ascenslon rad
* Decl ~ Suns Declination rad
* RSun = 8un vector AU
* AUDU - Conve sion from AU to DU
®
* Constants :
* None
*
* Coupling 3
* SUN Position vector of Sun
* LNCON1 Multiple a vector by a constant
* SIGHT Does Line-of-sight exist bewteen vectors
*
* References s
* Escobal pg.
*
*
SUBROUTINE LIGHT { R,JD, vig )

INPLICIT NONE
REAL*8 R{4),JD
Character*3 Vis

* Locals
REAL*8 RSun(4),AUDU,RtAsc,Decl

* Implementation
AUDU = 149599650.0D0/6378.137D0

CALL SUN{ JD,RSun,RtAsc,Decl )
CALL LNCOMl( AUDU,RSun, RS8un )

* Write(*,10) ‘*RSun =',R8un(l),R8un(2),RSun{3),RSun(4d)
* 10 PORMAT{ A5,4(P14.8) )
A e ———— Is the satellite in the shadow or not =-=—e—m-————wo-
CALL SIGHT( RSun,R, Vis )
RETURN
BND
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SUBROUTINE OMS2

This subroutine detexmines the velocity and position vector of the shuttle
after it performs the OMS8-2 burn., Assume the burn and the resulting
velocity change are instanteanous.

Algorithm t Pind the velocity vector
Rotate to IJK

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 7 Mar 1990
Inputs t

Lat ~ Geodetic latitude of the shuttle's Earth sub-

point (its NADAR) before the burn. rad

Lon ~ Geodetic longitude of the shuttle's NADAR rad

Alt ~ Altitude of the shuttle above the Earth's surface DU

Phi - Shuttle flight path angle rad

Az ~ Shuttle azimuth angle rad

Speed - Shuttle scalar velocity with respect to inertial space DU/TU

JD ~ Julian Date Ref 4713 B.C.
Outputs

R - Positlon vector of the shuttle after the OMS2 burn DU

v - Inertlal velocity vector of the shuttle after OMS2 burn DU/TU
Locals t

VSEZ - Valocity vector expressed in the SEZ frame pu/TU
Constants H

HalfP}i
Coupling 3

LSTIME ~ Pind LST and GST

SITE - Find 8ite vector on an oblate Earth

ROT2 - Rotate about the 2 axis

ROT3 - Rotate about the 3 axis
References H

None.

SUBROUTINE OMS2( Lat,Lon,Alt,Phi,Az,8peed,JD, R,V )
INPLICIT NONE
REAL*S Lat,Lon,Alt 'PhllAlpsp..d'R(‘) ,V(l) 'JD

Local Variables
REAL*8 GST, LST, V8BZ(4),VS(4),HalfP],TempVec(4)

Initialize Variables
Halfpi = 1,5707963267949000

CALL LSTime( Lon,JD, Lst,Gst )
CALL SITE( Lat,Alt,Lst, R,VS8 )

------ Veloclity vector in the rotating, Barth-fixed SEZ frame —=-—----
VSEZ(1l) = -Speed * DCOB(Ph1) * DCOB(Ax)
VSRZ(2) = Speed * DCOS{Phl) * DSIN(Ax)
VSEZ(3) = Speed * DSIN(Ph!)
CALL MAG( VSEZ )

---------------- Perform SEZ to IJK transformation
CALL ROT2( VSEZ, Lat~HalftPi, TempVec )
CALL ROT3( TempVec, ~L8T Vv )

RETURN
END
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SUBROUTINE RNGAZ

This subroutine calculates the Range and Aszimuth between two specified
ground points on a spherical Rarth. Notice the range will ALWAYS be
within the range of values listed since you do not know the direction of
firing, long or short. The procedure will calculate Rotating Barth ranges
if the TOF is passed in other than 0.0.

*

*

*

*

*

*

*

*

*

*

*  Algorithm + Find the range

* Calculate the Az noting all combinations of quadrants
*

*  Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 25 Aug 1988
*

* Inputs :

* LLat - Start Geocentric Latltude -Pi/2 - Pi/2 rad
* LLon ~ Start Longitude (WEST -) 0.0 - 2P} rad

* TLat - End Geocentric Latituds -Pi/2 - Pi/2 xad
* TLon ~ BEnd Longltude (WEST -) 0.0 - 2pi rad

* TOR ~ Time of flight if ICBM, or 0.0 ™

*

*  OQutputs 3

* Range - Range between polnts 0.0 - Pi rad

* Az - Azimuth 0.0 -~ 2Pi rad

*

* Locals s

* Small - Tolerance

L]

*  Constants {

* Twobl 6.28318530717959
* pl 3.14159265356979
* OmegaEarth - Angular rotation of Rarth (Rad/TU) 0.0568335906868878
®

* Coupling t

* None.

*

* References s

* BMW pg. 309-3i1

*

*

SUBROUTINE RngAz ( LLat,LLon,TLat,TLon,TOF, Range,As )
IMPLICIT NONE
REAL*8® LLat,LLon,TLat,TLon,TOF,Range,Ax

* Locals
REAL*8 Small, Pi, TwoPl, OmegaRarth

* Initialize values
Pi = 3.14159265356979D0
Small = 0.000001D0

Omegakarths 0.0588335906868878D0
TwoPi = 6.,28318530717959D0

Range= DACOS( DSIN(LLat)*DSIN(TLat) + DCOS(LLat)*DCOS(TLat)*
& DCOS(TLon-LLon + Owmegakarth*T0r) )

¥ e Check if range is 0 or half the Earth distance ~-==~=we---
IF { DABS( DSin(Range)*DCos(LLat) ).LT. Small) THEN
IF ( DABS( Range - Pl ).L'f.Small )} THEN
Az= Pl
ELSE
Ax= 0.0D0
DNDIP
ELSE
Az= DACOS{ ( DSIN(TLat) - DCO8(Range) * DSIN(LLat)) /
& ( DSIN(Rangse} * DCOS(LLat)) )
ENDIP

¥ emmeeee—en Check if the Azimuth is grt than 180 degrees ———-—w——----
IF (DSIN{ TLon - LLon + OwegaRarth*toP ).LT,0.0D0) THEN
Az= TwoP! - Az
ENDIF

RETURN
END
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SUBROUTINE PATH

This subroutine determines the end position for a given range and azimuth
from 2 given point. Notice the use of ATAN2 to eliminate quadrant
problems. Also, Geocentric coordinates are used since the Earth is
assumed to be spherical.

Algorithm t Find the latitude
PFind the changs in longitude noting quadrant possibilities
Calculate the longitude

Author + Capt Dave Vallado USAPA/DFAS 719-472-4109 25 Aug 1988
Inputs 3
LLat - Start Geocentric Latitude -Pi/2 - P1/2 rad
LLon ~ Start Longitude 0.0 - 2Pi rad
Range - Rangs between points joli}
Az - Azimuth 0.0 - 2Pi rad
Qutputs :
TLat - End Geocentric Latitude ~pi/2 - Pi/2 rad
TLon - Bnd Longitude 0.0 - 2pi rad
Locala ]
SinDeltaN - Sine of Delta N rad
CosDeltal - Cosine of Delta N rad
DeltaN - Angle bteween the two points rad
Small - Tolerance
Constants H
Pi 3,14159265358979
TwoPki 6.28318530717959
Coupling 3
None.
References :
BMW pg. 309-311
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SUBROUTINE Path ( LLat,LLon,Range,Az, TLat,TLon )
IMPLICIT NONE
REAL*8 LLat,LLon,Range,Az,TLat,TLon

Locals

REAL*8 SinDeltaN,CosDeltaN, DeltaN, Small, TwoPl, Pi

Initialize values
PI = 3,14159265358979D0

TwoPi= 6,28318530717959DC

Small= 0,0000001D0

Az= DMOD( Az,TwoPi )
IF (LLon.LT.0.0D0) THEN
LLon= TwoP{ + LLon
ENDIP
IF (Range.GT.TwoPi) THBN
Range= DMOD{ Range,TwoPi )
ENDIF

Find Geocentric Latitude
TLat = DABIN( DSIN(LLat)*DCOS(Range) +

& DCOS(LLat )*DSIN(Range}*DCO8(Az) )
------------ Pind Delta N, the angle between the points
IF ((DABS(DCOS(TLat)).GT.Small).and.
& (DABS{DCOS(LLat)).GT.Small) ) THEN

8inDeltaN= DSIN(Az)*DBIN(Range) / DCOS(TLat)
CosDeltaN= ( DCOS(Range)-DSIN(TLat)*DSIN(LLat)
& { DCOS(TLat)*DCOS(LLat) )
DeltaNz DATan2(SinDeltaN,CosDeltaN)
ELSE
------------ Case where launch is within 3nm of a Pole
IF (DABS(DCOS{LLat)).LB.S8mall) THEN

Y/

IF ((Range.GT.Pi).and.(Range.LT,.TwoPi)) THEN

DeltaNz Az + Pi
ELSE
ENDIP
ENDIF
----------- Case where end point is within 3nm of a pole
IP (DABS( DCOB(TLat) ).LR.Small) THEN
DeltaN= 0.0D0
ENDIP
ENDIP

TLon* LLon + DeltaN
IF (TLONn.LT.0.0D0) THEN
TLon= TwoPi + TLon
ENDIZ
IF (TLon.GY.TwoPl) THEN
TLon= DMOD( TLon,TwoPl )
ENDIF

RETURN
END
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*

* SUBROUTINE TRAJEC

*

* This subroutine ca.culates the Range, Aximuth, and Time of Flight between
* two specified ground points for an ICBN with a known Q. Calculations
* depend on knowladge of burnout conditions, and the iterations are

* pexformed for either a high or low trajectory. Notice the ICBM will fly
* on an inertial trajectory, and values for earth relative velocities,

* etc., are calculated after the iteration. MNotice these calculations do
* not support trajectories over half the woild away.

*

*  Algorithm t Pind the Range and Az with 0 TOF

* If the trajectory s possible,

* Loop to find the Range and Ax corrected

* Calculate influance coefficisnts 4
* Find velocity needed

*

*  Author : Capt Dave Vallado USAPA/DIAS 719-472-4109 9 Oct 1988
*

* Inputs t -
* LLat - 8tart Geocentric Latitude . -pPi/2 - P1/2 rad

* LLon - gtart Longlitude (WBST -) 0.0 ~ 2Pi rad

* TLAt - Bnd Geocentric Latitude -Pi/2 - P1/2 rad

* TLOn - End Longitude (WEST -) 0.0 - 2Pi rad

* Rbo - Radius at burnout foli}

* Q - Non-dimensional Q performance based on Insrtial Velocity
* TypePhi - Type of trajectory, High ot Low ‘HY, ‘LY

*

*  Qutputs $

* Range - Rotating Range betueen points 0.0 ~ Pi rad

* Phi ~ Inertial Flight Path Angle rad

* TOF - Rotating Rarth Time of Fligth ™0

* Az - Inert Azimuth 0.0 - 2P rad

* ICPhi = Influence Coefficient for Phi rad/rad

* ICVbo - Influence Cosfficient for Vbo rad/ du/tu

* ICRbo ~ Influence Coefficlent for Rbo rad/cad

* Vn = Velocity the missile needs to provide DU/TU

&

* Locals 1

* Small - Tolerance

* QBoMin - Minimum Q for a given range

* VEarth -

* VBo -

® a -

* Ecc -

* 2 -

t RangeOld -

* i - Index

*

* Constants t

* Pi 3.14159265358979
* OmegaBarth - Angular rotation of Barth (Rad/TU) 0.0588335906868878
* Undefined - Plag for an undefined element 999999.1

*

* Coupling :

* MAG Magnitude of a vector

: RngAz Pinds the range and Azimuth between points

* References !

* BMW pg. 293-313

*

*

*

Y
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SUBROUTINE Trajec ( LLat,LLon,TLat,TLon,Rbo,Q,TypePhi,Range,
& Phi,TOPF,A3,ICPh},ICVbO,ICRbO,VD )
IMPLICIT NONE
REAL*8 LLat,LLon,TLat,TLon,Rbo,Q,Rangs,Phi,TOF,Az,ICPhi,ICVbO,
& ICRbo,Vn(4)
CHARACTER TypePhl
* Locals
REAL*8 a,Ecc,R,RangeOld,Vbo,VEarth,Omegakarth,8mall,Pi,
& QboNIn,Undefined
INTEGBR 1
* Initialize values
Omagakarth= 0.0588335906868878D0
Small 0.000001D0
Pl 3.14159265358979D0
Range0ld -1.0p0
Undefined = 999995.1D0
i 1

nn B

* Iterate to f£ind the flight time
CALL RngAz{ LLat,LLon,TLat,TLon,0.0D0, Range,Az )
A = RBo / (2.0D0 - Q)
QBoMin= ( 2.0D0*DSin(Range/2.0D0) ) / (1.0D0+DSin{Range/2.0D0))
IP (Q.GE.QboMin) THEN

DO WHILE ((DABS(RangeOld-Range).GT.Small).and.( 1.1t.20 ))
L Check for High or Low Flight Path Angle -—-—==-=w===-
IP (TypePhi.RQ.'H') THEN
Phi=z 0.5D0*({ (PL - DABIN(((2.0D0-Q)/Q)*

& DSin(Range/2.0D0)} )- Range/2.0D0)
BLSE
Phi= 0.5D0*( DASIN(((2.0D0-Q)/Q)*D3in(Range/2.0D0))
& - Range/2.0D0)
ENDIPF
Ecc = DSQRT( 1.0D0 + Q*{Q-2.0D0)*DCos(Phi)*DCos(Phi) )

B DACos({ (Rcc-DCos(Range/2,0D0)) / (1.0DO-Ecc*
& DCos (Range/2.0D0)) )
TOF DSQRT(A%**3)*2,0D0*( Pl - B + RcCt*DSIN(E) )

* write(*,*) 1,Range*Rad,Phi*Rad,e*Rad,ecc,TOF*13.44685
Range0l1d = Rangs
CAL? RngAz( LLat,LLon,TLat,TLon,TOF, Range,Az )
= i+]
ENDDO
IF (1.GE.20 ) THEN

Write(*,*) 'TRAJBC Not Converged in 20 Iteralons '

RNDIF

Lttt dded Evaluate Influence Coefficients for unit errors —-=~——w=-———-
VBo = DSQRT( Q/Rbo )
1cphiz { ( 2.0D0*DSin(Range + 2.0D0*Phi) ) /

& DSin(2.0D0*Phi) ) - 2.0D0
ICVbo= ( 8.0D0*DSin{Range/2,.0D0)*DSin({Range/2,0D0) ) /
& { Vbo**3*Rbo*DS1in(2.0D0*Phi) )
ICRbo= ( 4.0D0*DSin(Rangs/2.0D0)*D3in(Range/2.0D0) ) /
3 { Ybo**2#RBo**2*D3in(2.0D0*Phi) )
¥ ommmcccwmeemne Pind Velocity Needed, Relative Veloclity ——-=—-==m===--

vVEarth= OmegaBarth * DCos(LLat)

VN(1)= ~VBo*DCOS( Phi )*DCOS(AzZ)
VR(2)= VBo*DCO3( Phi )*DSIN(Az) - VEarth
VN{3)= VBo*DSIN( Phi )
CALL MAG( VN )
ELSE
write(*,*) 'The ICBM doss not have enough energy - '
Write(*,*) 'Q Hin = ',QboMin
Phi = Undefined
TOF = Undefined
ICPhi= Undefined
ICVbo= Undefined
ICRbo= Undeflned
vn(4)= Undefined
ERDIF

RETURN
END
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SUBROUTINE HOHMANN

This subroutine calculates the delta v's for a Hohmann transfer for either
circle to circle, or ellipse to ellipse. The aotation used is from the
initial orbit (1) at point a, transfer is made to the transfer orbit (2},
and to the final orbit (3) at point b.

Algorithm : Pind initial values
If the orbits are both cir or ellip, find the answer

Author + Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989
Inputs 3
Rl - Initial position magnitude Dy
R3 - Final position magnitude by
el ~ Rccentricity of first orbit
e3 - Eccentricity of final orbit
Nul = True Anomaly of first orbit 0 or P! rad
Nu3 - True Anomaly of final orbit 0 or Pi rad
Outputs :
DelVa - Change in velocity at polint a Dy / TU
DelVb ~ Change in velocity at point b DU/ TU0
TOF - Time of Flight for the transfer TV
Locals $
SMEL - Specfic Mechanical Energy of first orbit Du2 / TU
SHME2 ~ Specfic Mechanical Energy of transfer orbit DU2 / TU
SME3 - Specfic Mechanical Energy of final orblt Du2 / TV
vl ~ Velocity of 1lst orbit at polnt a DU/ TU
V2a - Velocity of transfer orbit at point a DU / TU
v2b ~ Velocity of tranafer orbit at point b DU / TU
v3 ~ Velocity of final orbit at point b by / TU
al - Semi Major Axis of first orbit DU
a2 - Sami Major Axis of Transfer orbit by
LX) - Semi Major Axls of final orbit DU
Constants t
Pi 3.14159265358979
Coupling H
Nona.
References 1
BMW pg. 163-166
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SUBROUTINE Hohmann ( R1,R3,el,e3,Nul,Nu3, DelVa,DelVb,TOF )

IMPLICIT NONB
' REAL*8 R1,R3,el,e3,Nul,Nu3,DelVa,DelVb,TOF
* Locals
RBAL*8 SNE1,SME2,SuME3, V1,V2a,V2b,V3, al,a2,a3d, P&
* Initialize values
Pl = 3.14159265358979D0
al (rl*(1,0D0+e1*DCos({Nul))) / (L.0D0 - el*sl )
a2

=2 (RL+R3 )/ 2,0
= (r3*%(1,0D0+e3*DCos(Nu3))) / (1.0D0 -~ e3*e3 )
SMEL = ~1,0D0 / (2.0D0%al)
" = ~1.0D0 / (2.0D0*a2)
SMER3 = ~1.0D0 / (2.0D0%a3)
DelVa= 0.0D0
Delvb= 0.0D0
TOF= 0.0D0

- IF { (€l.1t.1.0D0).or.(e3,1t.1.0D0) ) THEN

* Find Delta v at point a

V1l = DSQRT( 2.0D0*{ (1.0DO/Rl) + SMBl ) )
V2a = DSQRT( 2.0DO0*( (1.0DO/RLl) + 8i:T2 ) )
DelVaz DABS( V2a - V1 )

* Find Delta v at point b
V3 = DBQRT( 2.0DO*{ (1.0DO/R3) + SME3 ) )
V2b = DSQRT( 2.0D0*( (1.0DO/R3) + 8MB2 ) )
DelVb= DABS( V3 -~ V2b )

* Find Transfer Time of Flight
TOF= PL * DSQRT( A2%%3 )

IF (Show.eq.'Y') THEN

Write(*,%) ' a2 ',a2
Q‘II. RNDIP

*» % % » »

Write(*,*) 'v1 ',v1,' V2a = ',v2a
ENDIZ®
RETURN

write(*,*) 'V2b ',v2b,' V3 = ',y3,' TOTAL', (DelVa+DelVb)
END
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+*
x * SUBROUTINE ONRTANGENT
! %
‘ * This subroutins calculates the delta v's for a One Tangent transfer for either
! * circle to circle, or ellipse to ellipse. The notaticn used is from the
i * initial orbit (1) at point a, transfer is made to the transfer orbit (2),
j * and to the final orbit (3) at point b.
H *
' * Algorithm 1+ Find the parameters for the transfer orbit
: * Based on the eccentricity, find the answer
| *
* Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989
*
' * Inputs t
; * Rl - Initial position magnitude DU *
! * R3 - Pinal position magnitude jali}
* el - Eccentricity of first orbit
* e3 - Eccentricity of final orbit
* Nul - True Anomaly of Zirst orbit rad
’ * Nu2 - True Anomaly of second orbit rad ~
: * Nu3 - True Anomaly of final orbit rad
' *
.’ * Outputs H
! * Delva - Change in velocity at point a DU / TU
: *  DelVb - Change in velocity at point b DU / TU
* TOP - Time of Flight for the transfer U
*
* Locals :
* SHEL - Specfic Mechanical Energy of first orbit bu2 / TV
* SHE2 - Spectic Mechanical Energy of transfer orbit DU2 / TU
* SME3 ~ Specfioc Mechanical Energy of final orbit pu2 / U
* V1 - Velocity of 1lst orbit at point a by / 10
. * V2a - Velocity of transfer orbit at point a Dy / T0
! * V2b - Velocity of transfer orbit at point b DU / TU
* v3 - Velocity of final orbit at point b Dy / TU
* 2 - Rccentricity of second orbit
* al - Seml Major Axis of first otbit DU
* a2 - Semi Major Axis of Transfer orbit Dy
* a3 - Semi Major Axis of final orbit DU
* B - Bccentric anomaly of transfer orbit at b rad
*
* Constants 3
* None.
®
* Coupling :
* Nons.
*
! * Relerences s
. : BMW pg. 163-168
!
! .
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SUBROUTINE OnseTangent ( R1,R3,el,e3,Nul,Nu2,Nu3, DelVa,

DelVb,TO? )

INPLICIT NONE
REAL*S R1,R3,el,e3,Nul,Nu2,Nu3,DelVa,DelVb,TOF

&

Locals

REAL*8 SMEL,SME2,SME3, V1,V2a,¥2b,V3, #2,al,a2,a3, Phi2b,Phi3,

8, 8inv,Cosv

Initialixe values

»

»

al = (rl*(l.0D0-el*DCos(Nul))) / (1.0D0 - eltrel )
@2 = ( r3~rl ) / ( =-xr3*DCos(Nu2)+DCos(Nul)trl )
Cos(Nul) determines the sign

IF ( DABS( #2-1.0D0 ) .gt. 0.0001D0 ) THEN
a2 = {rl*{1.0D0+e2*DCos(Nul))) / (1.0D0 - e2%e2 )
8SME2 = -1.0D0 / (2.UDO*a2)
ELSE
a2 = 999999.9D0

Undefincd for Parabolic orbit

8KE2 = 0.0D0
ENDIF

a3 = (r3%(1.0D0+eJ*DCos(Nu3))) / (1.0D0 ~ e3%e3 )
SMEL = -1,0D0 / (2.0D0*al)
SME3 = -1.0D0 / (2.0DG*a3)

Pind Dalta v at point a
V1l = DSQRT( 2.0D0%({ (1.0/R1) + SMEl ) )
IF ( DABG( SME2 ) .gt., 0.0001D0 ) THEN
Vv2a u DSQRT( 2.0%( (1.0DO/RL) + BME2') )
RLSE
V2a = DSQRT( 2.0%(1.0DO/RL) )
ENDIF
DelVas DABS( V2a - V1 )

Find Delta v at point b
V3 = DSQRT{ 2.0D0*( (1.0DU/R3) + 6HE3 ) )
1P ( DABS( 5M22 ) .gt. 0.000001D0 ) THEN
V2b = DSQRT( 2.0D0*( (i1.0DO/R3) + BME2 )} )
ELSR
V2b = DSQRT( 2.0DO*(1.0DO/R3) )
ENDIP

Phi2b = DATAN( ( €2*DS8in(Nu2) ) / { 1.0D0 + e2*DCom(Nu2) ) )
Phi3 = DATAN( ( e3*D8ia(du3) ) / { 1.0D0 + e3*DCos(Mu3) ) )
DelVbz DSQAT({ V2b*V2b + V3*V3 -~

2.0D0%V2b*v34DCos( Phi2b-Phi3 ) )

L B B

L S R N J

-~ Pind Transfer Tima of PFlight
IP ( o2 ,1t. 0.9999D0 ) THEN
sinv = ( DSQRT( 1.0D0-e2%e2 )*DSin(Nu2) ) /
{ 1.0D0 + e2*DCos(Nu2) )
Cosv = ( e2iDCos(MNul} ) / ( 1.0D0 + e2*DCos(Nu2) )
B DATAN2( 8inv,Cosv )
TOP = DSQRT( A20%3 ) * ( X - #2*D8in(kK) )
BLSE
IF ( DABS({ 42-1.0D0 ) .lt. 0.000001D0 ) THXN

* parabolic TOF

BLEE

t Hyperbollc TOP

BNDIP
ENDIY

IF Show = 'Y' THEN
BEGIN
GoToXY( 5,23 )
Write( 'e2 ',82:110:5,' B = ',B*rad:l0:6,' a2 ',a2:;10:6 )
Gotoxy{ 5,24 )
Wrlte( 'Vl ',v1110:5,' V2a = ',v2a11016 )
GCotoxy( 5:25 )
Writ.( ‘V2b ',VbelOtS,' V3 = ',V311086,' 20TAL .'
(Delva+DelVb)110:6 )
Gotoxy{ 5,26 )
Weite( 'Phi2 ',Phi2b*Rad:l0:16,' Phi3 = ',Phi3*Rad:10:6 )
BND

RETURN
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*
*
* SUBROUTINE GENERALCOPLANAR
*
* This SUBROUTINE calculates the delta v's for a genesal coplanar transfer for ‘
* elther circle to circle, or ellipse to ellipse. The notation used is from
x the initlal orbit (1) at point a, transfer is made to the transfer orbit (2),
* and to the final orbit (3) at point b.
*
* Algorithm 3
*
*  Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989
*
t  Inputs H
* Rl - Initial position magnitude DU
* R3 ~ Pinal position magnitude by -
* sl -~ Beecentricity of first orbit
* e3 ~ Rccentricity of final orbit
* Nul ~ True Anomaly of first orbit rad
* Nu3 - True Anomaly of final orbit rad
®
*  Qutputs s -
* DelVa - Change in velocity at point a bU / TU
* DelVb - Change in velocity at point b DU/ T
* TOoP ~ Time of Plight for the transfer U
E ]
*+ Locals 3
* SNel - Specfic Mechanical Energy of first orbit pu2 / TU
* 8ME2 ~ Spectic Mechanical Energy of trunsfer orbit DU2 / %U
* SHME3 - Specfic Mechanical Energy of fimal orbit pu2 / TU
* Vi - Velocity of lst orbit at point a DU / TU
* V2a - Velocity of transfer orbit at point a pu/ TU
* v2b - Velocity of transter orbit at point b DU / TU
* V3 - Velocity of final orbit at point b pu / TU
* al - Semi Hajor Axis of first orbit i
* a2 - Semi Major Axis of Transfer orbit DU
* a3 - Seml Wajor Axis of flnal orbit by
* E ~ Rccentric anomaly of transfer orbit at b rad
1 ]
* Constants '
* None.
*
* Coupling t ‘
* Nons.
*
* References H
* BMW PY.
]
*
L]
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SUBROUTINE GeneralCoplanar ( R1l,R3,el,e2,e3,Nul,Nu2a,Nu2b,Nu3,
& DelVa,DelVb,TOF )
IMPLICIT NONE

REAL*8 R1,R3,el,02,e3,Nul,Nu2a,Nu2b,Nu3,DelVa,

& DelVb,TOF
Locals
REAL*S SMR),SNE2,SME3, V1,V2a,V2b,V3, al,a2,a3,Phil,Phi2a,
& Phi2b,pPhi3, X,R0,8inv,Cosv

Initialize values
al = (ri*(l.0DO+el*DCos(Nul)})) / (1.0D0 ~ el*el )
IP ( DABS( €2-1.0D0 ) .gt. 0.000001D0 ) THEN
a2 = (x1#*(1.0D0+e2*DCos(Nu2e))) / (1.0D0 ~ e2*e2 )
gME2 = -1.0D0 / (2.0D0%*a2)
ELSE
a2 = 999995,9D0
Undefined for Parabolic orbit
8MR2 = 0,0D0
ENDIP
a3 = (r3*(1.0D0+e3*DCos(Nu3))) / (1.000 ~ e3%el )
SHElL = ~1,0D0 / (2.0D0*al)
8ME3 = ~1.0D0 / (2.0D0*a3)

rind Delta v at point a
Vi = DSQRT( 2.0DO*( (1.0DO/RL) + SMEl ) )
V2a = DSQRT( 2.0D0*{ (1,0DO/R1) + SKE2 ) )
Phi2a = DATAN{ ( e2*DBin{¥Nu2a) ) / ( 1.0D0 + #2*DCos(Nu2a) ) )
Phil = DATAN({ { #1*DSin(Mul) ) / ( 1.0D0 + el*DCos(Mul) ) )
DelvVas DSQRT( V2a*V2a + V1*V1l -

& 2.0D0*Y2a*v1i*pCos( Phi2a-Phil ) )

- Pind Delta v at point b
v3 = DSQRT( 2.0D0*{ (1.0DO/R3) + BME3 ) )
v2b s DSQRT{ 2.0D0*{ (1,0D0/R3) + SNE2 ) )
Phi2b = DATAN( ( @2*DSin(Nu2b) ) / ( 1.0D0 + @2*DCos(Nu2b) ) )
Phi3 = DATAN( ( e3*D8in{Nu3) ) / ( 1.0D0 + e3*DCos(Mu3) ) )
DelVb= DSQRT( V2b*V2b + V3*V3 -

[ 2.0D0*V2b*V3*DCos( Phi2b-Phi3 ) )

Find Transfer Time of Flight
Sinv= ( DSQRT( 1.0DC-e2*e2 )*DBin(Nu2b) ) /
[ { 1.0D0 + e2*DCos(Mu2b) )
Cosva { e2¢DCos(Nu2b) ) / ( 1,0 + e2*DCos(Nu2b) )
B3 DATAN2( 8inv,Cosv )
¢ 8inve { DSQRT( 1.0D0~e2%e2 )*DS8in(Nu2a) ) /
& { 1.0D0 + #2*DCos(Nu2a) )
Cosv= ( e2+DCos{Nu2a) ) / ( 1.0D0 + e2*DCos(Nu2a) )
Eo= DATAN2{ Sinv,Cosv )
TOP= DSQRT( A2*%) )*( (E - e2*N8in(K)) - (%o - e2*D8in(ko)) )

RETURN
END
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SUBROUTINE RENDRZVOUS

This subroutine calculates parameters for a hohmann transfer rendezvous.

Algorithm : Calculate the answer
Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 23 Sep 1988
Inputs :

Rcsl - Radius of circular orbit interceptor oli )

Rcs2 - Radius of circular orbit target o]

Phasel - Initial phase angle rad

NumRevs - Number of revs to wait

-

outputs s

PhaseF - Final Phase Angle rad

WalitTime ~ Walt befor next intercept opportunity TU
Locals : -

TOFTrans ~ Time of flight of transfer orbit TU

ATrans - Semi-major axis of transfer orbit DU

VelTgt - Velocity of target rad / TU

Vellnt - Velocity of interceptor ad / TU

LeadAng - Lead Angls rad
Conatants L

Pl 3.14159265358979
Coupling 3

None.
References t

BMA Pg.

SUBROUTINR Rendeavous ( Rcsl,Rcs2,Phasel,NumRevs,Phase?,WaltTime)
IMPLICIT NONK
REAL*8 Rcsl,Rcs2,Phasel,Phaser,WaitTime
INTEGER NumRava

Locals
RERAL*8 TOFTrans,LeadAng,afrans,VelTgt,Vellnt,Pi

» % % % % ¥ ¥

Initialize values
pi = 3,14159265358973D0

ATrans = (Rcsl + RC82) / 2.0DO
TOFTrans= PLI*DBQRT( ATrans**3 )
VelInt = 1.0D0 / ( DSQRT(Rcsltt3) )
VelTgt = 1.0D0 / ( DSQRT(Rcs2%#3) )

LeadAng = Vel®gt * TOFTRans

PhaseP Pi - LeadAng

WaltTime= { Phasel —~ Phaser + 2.0D0*Pi*NumRavs ) /
& ( VellInt - VelTgt )

Write(r,*) * A tranafer = ',ATRans, ' DU ‘!

Write(®*,») TOF Transforz ',TO¥TRans,' TU '

Write(r,*) ! VelTgt = ',Veltgt, ‘' rad/Ty'

Write(*,*) * Vellnt = ',Vellnt, ' rad/TVy’

Write(*,*) * Lead Angle = ',LeadAng*57.295779,°' deg* .
RETURN
END
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Algorithm
Author

Inputs

Rl

R2

Rbo
Rimpact
Mul

Mut
Hu2

Outputs
DeltVl
Deltv2
Vbo
Vretro

Locals
SHEL
SMEL
SMB2
vcsl
Ves2
vtl
ve2
A

Coastants
None.,

Coupling
None.

sun system.
each planet

LI T N N T I S B S N B B

References 1
BNW

SUBROUTINE INTERPLANETARY

Calculate the ansver

This subroutine calculates the delta v's for an interplanetary mission. The
transfer assumes circular orbits for each of the planets.
units are all metric since this procedure is designed for ANY planet and

This aliminates having knowledge of cannonical units for

in the calculations,

Notice the

Capt Dave Vallado USAFA/DFAS 719-472-4109 22 Mar 1989

Radius of planet 1 from sun

Radius of planet 2 froam sun

Radius at burnout about planet 1
Radius at lmpact on planet 2
Gravitational parameter of planet 1
Gravitational parameter of planet Sun
Gravitational parameter of planet 2

Hyperbolic Excsss velocity at planet 1 80I
Hyperbolic RBxcess velocity at planet 2 80I
Burnout veloclity at planet 1

Retro velocity at surface of planet 2

8pecfic Mechanical Energy of lst orbit
specfic Mechanical Energy of transfer orbit
Specfic Mechanical Energy of 2nd orbit
Velocity of lst orbit at dslta v 1 point
Velocity of 2nd orbit at delta v 2 point

km
km
km
km
km3/32
km3/82
km3/82

km/s

kn/s
km/s
km/s

Kn2/s
Km2/8
Km2/s
km/8
Kn/s

Velocity of Transfer orbit at delta v 1 point Ka/s
Valocity of Transfer orbit at delta v Z point x-/s

Semi Major Axis of Transfer orbit

LAE JE 2B 2 2R I 2 2 2R B 2 JE B Bk IE BF BN N CEE BN NE E B BF BE B NE B N R B R NN N NE I R IR I B IR R R B BE BE S BF % 2
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SUBROUTINE Interplanetary ( R1,R2,Rbo,Rimpact,Mul,Mut,Mu2,
& Deltvl,Deltv2,Vho,Vretro )
IMPLICIT NONE
REAL*8 R1,R2,Rbo,Rimpact,Mul Mut,Mu2,Deltvl,Deltv2,Vbo,
& Vretro

+ Locals
REAL*8 SMEl,S8MB2,8MRt, Vcsl, Vcs2, Vtl, Vt2, A

* --- Find a, SME, apogee and periges velocities of transfer orbit —---
A= (RL+R2) / 2.0DO
SMBt= -Mut/ (2,0D0*A)
Vtl= DSQRT( 2.0D0*( (Mut/Ry) + SMEt ) )
Vt2= DSQRT{ 2.0DO*( (Mut/R2) + SMEt ) )

* e Pind clircular velocities of launch and target planets --~-—--
Vcsl=z DSQRT( Mut/Rl )
Vcs2= DSQRT( Mut/R2 )

* oo Pind delta velocities for Hohmann transfer protion —-~—-—-—-—v
DeltVl= DABS{ Vtl - Vecsl )
DeltV2= DABS{ Vcs2 ~ Vt2 )

L Pind SME and burnout/impact vel of launch/target planets --—----
SMEL= Deltvl*DeltVl / 2.0D0
SMR2= Deltv2*DeltV2 / 2.0D0
Vbo = DSQRT( 2.0D0*( (Mul/Rbo) + SMElL ) )
Vretro= DSQRT( 2.0D0*( (Mu2/Rimpact) + 8MEB2 ) )

* TP= PI*DSQRT( a**3/Nut )
* Write(*,*) ‘'Transfer Period = ',TP/3.1536R07,' yrs or °*',
* & TP/86400.0,* days’®
* Write(*,*) ‘'vcs km/s',vcsl,' ',vcs2
* Write(*,*) ' Vt km/s',vtl,' ',vt2
* Write(*,*) 'SNE km2/s32',8MBl,' ‘',8MRt,' ', SME2
RETURN
BND
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*
*
* SUBROUTINE REERNTRY
*
‘ * This SUBROUTINE calculates various reentry parameters using the
* Allen & Rggars approximations.
*
* Algorithm t Calculate the ansver
*
*  Author + Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989
*
* Inputs ]
* Vre - Reentry Velocity n/s
* PhiRe ~ Reentry PFlight Path Angle rad
* BC - Ballistic Coefficlent kg/m2
~ * h - Altitude ka
*
*  Outputs s
* v = Velocity kn/s
* Decl - decleration g'a
- * MaxDecl ~ Maximum Decleration g's
*
* Locals 3
* grav - Temporary variable to hold Weight component
* Rfho - Atmospheric density kg/m3
*
* Constants s
* ScaleHt - Scale height used to exponentially model atmosp 1.0/7.315
]
* Coupling s
* None.
x
* References H
* Nons.
*
®

SUBROUTINE Reentry ( VRe,PhiRe,BC,H, V,Decl,MaxDscl )
INPLICIT HONE

’ ' REAL*8 VRe,PhiRe,BC,H, V,Decl,NaxDecl

* Locals
REAL*8 ScaleHt,grav,Rho

* Implementation
ScaleHt= 1.0D0/7.315D0

Rho = 1,225D0*RXP( -ScaleHt*h )
v 3 Ure * EXP( (1000.0D0*Rho ) /

3 {2.0D0*BC*Scalalt*D8in{PhiRe)) )
gravs 9,00D0*D8in(PhiRe)
Decl® ((-0.5D0*Rho*V*V) / BC ) + grav
Decl= Decl/9.80D0

MaxDecl= (-0,5D0*ScaleHt*Vre*VretD3in(Phire)) /
& {9.80DO*EXP(1,0D0))
HaxDeclz MaxDecl/9.80D0

RETURN
END

v C-63 ¢
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SUBROUTINE HILLSR

This SUBROUTINE calculates various position information for Hills equatlions. ‘
Notice the XYZ system used has Y Colinear with Target Position vector,
Z normal to target orbit plane, and x in direction of velocity.

Algorithm : Pind the answer
Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989
Inputs 3
R - Initial Position vector of INT Dy
v - Initial Veloclty Vector of INT DU / TU
Alt - Altitude of 7GT satellite DU -
T ~ Dasired Time my
Outputs H
Rl - Pinal Position vector of INT DU
vl ~ Pinal Velocity Vector of INT DU / TU .
Locals t
Constants :
Coupling s
None.
References 3
Kaplan py 108 - 115

SUBROUTINE HillsR ( R,V,alt,t, R1,V1)
IKPLICIT NONB

REAL*8 R(4),V(4),alt,t, RL(4),V1(4)

Locals

REAL*S SinNt,CosNt,Omega,nt,Radius
Initialize the orbit elemnts ‘

Radius= 1.0D0 + Alc
Omega = DSQRT( 1.0D0 / Radius )
nt = Omegat*t
CosNc = DCos{ nt )
8inNt = DSin( nt )

Determine new positions
RL(1l)= ( 2.0D0*V(2)/Omega ) * CosNt +
3 { (4.0D0*V(1)/Omega) + 6.0DO*R(2) ) * SinNt +
( R(1) - (2.0D0%V(2)/Ocega) ) -
( 3.0D0*V(1l) + §.0D0*Omega*R(2) )*t
R1(2)= ( V(2)/Omega ) * SinNt -
( (2.0D0*V(1)/Omega) + 3.0DO*R(2) ) * Cosht +
[ { (2.0D0*V(1)/Omaga) + 4.0DO*R{2) )
R1(3)= R({3)*CosNt + (V(3)/Omaga)*8inNt

" o

=

Determine new veloclities

V1(2)= 0.0D0

Vi(1)= 0.0D0

V1(3)= 0.0DO
RETURN N
END
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*
*
‘ * SUBROUTINE HILLSV
*
* This SUBROUTINE calculates initial velocity for Hills equations.
* Notice the XYZ system used has Y Colinear with Target Poaltlon vector,
* Z normal to target orbit plane, and ¥ in direction of velocity.
*
* Algorithm + Check for a divide by zero, then
* Find the answer
*
*  Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 19 Dec 1989
x
* Inputs 3
. * R - Initial Position vector of INT DU
* Alt ~ Altitude of 7GT satellite by
* T ~ Desired Time U
*
*  Qutputs t
* v - Initial Valoclity Vector of INT DY / TU
- *
* Locals :
%
* Constants t
*
* Coupling 1
* None.
*
* Raeferences t
* Kaplan pg 108 ~ 115
*
*

SUBROUTINE HillsV ( R,alt,t, V)
IMPLICIT NONE

REAL*8 R(4),alt,t, V(4)

* Locals
REAL*8 Numer,Denom,SinNt,CosNt,Omega,nt,Radius
* Initialixe the orbit elemnts
Radius= 1.0D0 + Alt

Omega = DEQRT( 1.0D0 / Radius )
nt = Omegatt

CosNt = DCos( nt )

SinNt = D8in( nt )

* Determine initlal Veloclty
Numar= { (6.0D0*r(2)*(nt-8INnT)-r(1))*Omegat8innt-2.0D0*Omaga*
& r{2)*(4.0D0-3,0D0*Coant)*(1.0D0-C0O8nt) )
Denom= (4,0D0*Sinnt-3.0D0%nt)*8innt +
& 4.0D0%( 1.0D0-CosRt ) * ( 1.0D0-CosNt )

IF ( DABS( Denom ) .gt. 0.000001D0 ) THEN
V{1)= Numer / Denoa
BLSE
V{(1l)= 0,.0D0
ENDIF
IF ( DABS({ 8inNt ) .gt. 0.00000.D0 ) THEN
V(2)= -( Omega*r(2)*(4.0D0~3.0D0*Cosnt)+

& 2.0D0%(1,.0D0~Cosnt)*v(l) ) / ( SinNt )
RLSE
¢ v{2)= 0.0D0
END1¥
Vv(3)= 0.0D0
RETURN
L4 END
*
* C-65 v
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SUBROUTINE TARGET

This subroutine accomplishes the targeting problem using PXEPLER and GAUSS.
This routine uses J2 secular perturbations for moving the traget orbit.

Algorithm : Propogate the target forward
Find the intercept trajectory
Calculate the change in velocity required

Author : Capt Dave Vallado USAFA/DPAS 719-472-4109 11 Sep 1990

*

*®

x

]

*

*

*

*

*

*

*

*

*

* Inputs :

* Rint ~ Initial Position vector of Interceptor DU

* Vint - Initial Velocity vector of Interceptor DU/TU
* RTgt - Initlal Position vector of Target i)

* VTgt - Initial veloclity vector of Target DU/TU
* dm - Direction of Motion for Gauss ‘L','s’
* TOP - Time of f£light to the intercept T

*

*  Qutputs :

* vit - Initlial Transfer Velocity vector DU/TU
* vt - Final Transfer Velocity vector DU/TU
* DVl - Initial Change Velocity vector DU/TU
* DvV2 - Pinal Change Velocity vector DU/TU
*

* Local Variables

* RlTgt - Position vector after TOF of Targst DU

* virgt = Velocity vector after TOF of Target bu/Tu
*

* Constants 3

* None

*

* Other Procedures i

* PKEPLER Find R and V at future time using J2 secular effects
* GAUSS Pind velocity vectors at each end of transfer

* LNCOM2 Linear combination of two vectors and constants
*

* References 3

* None.

*

*

SUBROUTINE TARGET( RInt,VInt,RTgt,VTgt,Dm,TOF, V1t,V2t,DV1,DV2 )
IMPLICIT NONB
REAL*S8 RInt(4),VInt(4),RTgt(4),Vrgt(4),TOP,VIt(4),V2t(4),
+ DV1(4),DV2(4)
CHARACTER*1 dm |
* Local Variables
REAL*8 R1Tgt(4), Virgt(4)

A mmecemea—r e Propogate Target forward by TOP
CALL PKEPLER( RYgt,VTgt,TOF, RI1Tgt,ViTgt )

! ¥ oo Calculate transfer orbit hetveen r's ——-=~--evewscee
CALL GAUSS( RInt,RlTgt,dm,TOF, V1t,V2t )

CALL LNCOM2( -1.0D0,1.0D0,VInt, Vit, DVL )
CALL LNCOM2{ 1.0D0,-1.0D0,V1%gt,V2t, DV2 )

RETURN
END

LI G Y
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*
*
* SUBROUTINE PKEPLER
*

‘ * This subroutine propagates a satellite's position and velocity vector over
* a given time period accounting for perturbations caused by J2. The
* satellite's original position and velocity vectors are inputed together
* with the time the elements are to be propagated for. The updated position
* and velocity vectors are then output.

*

* Algorithm t Pind the value of the perturbations

* Determine the type of orbit

* Update the appropriate parameters

* Find the new position and velocity vectors
*

> *  Author 1 Capt Dave Vallado USAFA/DFAS 719-472~4109 6 Jan 1990

*

* Inputs H

* R - orlginal position vector DU

* v - orlginal velocity vector DU/1Ty
* Deltal - time for which orbital elements are to TU

*

*  Qutputs 3

* Rl ~ updated position vector DU

* Vi - updated velocity vector DU/TY
*

* Locals t

* P - Semi-paramter o))

* A - semimajor axis DU

* E - eccentricity

* Inc ~ inclination rad

* Argp - argument of periapsis rad

* ArgpDot ~ change in argument of perlapsis rad/Tu
* Omega ~ longitude of the ascending node rad

* OmegabDot ~ change in Owega rad

* EO - eccentric anomaly rad

s Bl - eccentric anomaly rad

* M ~ mean anomaly rad/Tu
* HDot - change in mean anomaly rad/Tu
* Uo - argument of latitude rad

* Ubot - change in argument of latitude rad/Tu
* Lo ~ true longitude of vehicle rad

* Lbot - change in the true longitude rad/Tu
* CapPlo - longitude of perlapsis rad

* CapPioDot - longitude of periapsis change rad/TUu
* N - mean angular motion rad/TU
* Nyo = true anomaly rad

* J20P2 - J2 over p sqyared

* Sinv,Cosv - 8ine and Cosine of Nu

¥ Small - Tolerance

*

* Constants '

* J2 - J2 constant from the Barth's geopotential function
* TwoPl -

% Pi -

*

* Coupling :

* BLORB - Orbit Elements fro= position and Velocity vectors
* RANDY - Posltion and Velocity Vectors from orbit slements
* NewtonR - Newton Rhapson to f£ind Nu and Eccentric anomaly
*

* References 3

* Escobal pg 369, Dot terss

* BHW P9

13

L

k4

T T T A Oy T T P S B G S o B Y



SUBROUTINE PXeplex { R,V,Deltar, R1,V1 )
IMPLICIT NONE
REAL*8 R(4), V(4), DeltaT, R1(4), V1(4)
* Locals
RRAL*8 P,A,E,Inc,Omsga,Argp,Nuo,M,lUo,Lo,CapPio,Omegabot,E0,
& Argpbot ,MDot ,UDot , LDot ,CapPiDot,N,J20P2, TwoPl,
& Small,J2,NBar,Pi
Character*S TypeOrbit
* Implementation
TwoPi 6.28318530717959D0
Pi 3.14159265358979D0
J2 0.00108263D0
Small 0.00000100

(LI T 1]

CALL ELORB( R,V,P,A,K,Inc,Omsga,Axgp,Nuo,M,Uo,Lo,CapPio)
n = DSQRT(1.0D0/A%*3) -

* Pind the value of J2 perturbations ---——---=we—a--
J20P2 = (1.5D0*J2) / (p**2)
NBar= n*( 1.0D0 + J20P2*DSQRT(1.0D0-e%e)*
& (1.0D0 - 1.5D0#D8in(Inc)**2) ) -

, OmegaDot = -J20P2 * DCos(inc) * NBar
ArgpDot = J20P2 * (2.0D0-2.5D0*D8in(inc)**2) * Nbar
Mbot = NBar
* EDot = -(4.0D0/3.0D0) * (1.0DO-E) * (NDot/Nbar) Drag Terms
ittt Determine type of orbit for later use —~———-w-e~——uo-

TypeOrbit= 'RI'
IFP ( E.LT.Small ) THERM
* Circular Bquatorial
IP (( Inc.LT.Small ).or.( DABS(XInc-Pi).LT,S8mall )) THEN
TypeOrbit= 'CR!

RLSE
* Circular Inclined
TypeOrbit=z ‘'CI1’
ENDIF
BLSE
# cmeeemm——— Elliptical, Parabolic, Hyperbolic Equatorial --=~==me—w—wc-

IF {( Inc.LT.S8mall ).or.( ABS(Inc-Pi).LT.Small )) THEN
TypeOrbit= ‘mp!

| ENDIP
ENDIF
¥ omemene- Update the orbital elements for each orbit type ——~—-c-wwe--
* glliptical ~ Inclined

I? ( TypeOrbit.eq.'RI' ) THEN

Omega = Owega + OmegaDot * DeltaT
| Omega = DMOD(Omsga, TwoPl)
! Argp = Argp + ArgpDot * DeltaT
| Argp = DMOD(Argp, Twod!l)
X M = M + MDOZ * DeltaT
i H = DHOD(M, 'TwoPl)
; CALL NawtonR({ e,m, e0,Nuo j
i ENDIP

* Clrcular - Inclined

IP { TypeOrbit.eq.'CI' ) THEN
Omega = Omega + OwsgaDot * DyltaT

Omega = DNOD(Omega, TwoPl)
UDot = ArgpDot + MDot
Uo = Uo + UDot * Dalta?
Uo = DNOD{VUo, TwoPi)
ENDIF
* Rlliptical - Bguatorial
IP ( TypaOrbit.eq.'BR' ) THEN -

CapPiDot = Owegabot + Argpbot
CapPio = CapPlo + CapPiDot * DeltaT
CapPio = DMOD(CapPio, TwoPi)

i H = N + NDOT * Delta?
j M = DHOD(M, TwoPl) o
' CALL NewtonR{ e,m, &0,Nuo )
ENDIP
* Circular - Equatorial

IF ( TypeOrbit.eq.'CR' ) THRN
LDot Omsgalbot + ArgpDot + MDot

Lo = Lo + LDot * DaltaT
Lo = DNOD{Lo, TwoPl)
ENDIP
* Use RANDV to £ind nev r and v vectors ---=ww—----=
CALL RANDV( P,%,Inc,Omega,Argp,uo,Uo,Lo,CapPio, RL,V1 ) ‘
RBTURN
BND
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*
* SUBROUTINE J2DRAGPERT
*

‘ * This subroutine calculates the perturbations for the predict problem
* involving secular rates of change resulting from JZ and Drag only.
*

* Algorithm s+ Find the startup values

* Calculate the dot terms

x

*  Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 28 Jan 1991
*

* Inputs 3

* Inc - Inclination rad

* . - Eccentricity

v * N ~ Mean Motlon rad/Tu
* NDot ~ Mean Motlion rate rad / 2102
*

* OQutputs t
* OmegaDot - Long of Asc Node rate rad / TV

- * ArgpDot - Argument Of perigee rate ad / TV
* EDot - Rccentricity rate / TU
*

* Locals t

* P -~ Semi-parameter DU
* A - Bemi-major axis DY
*

* Constants t

* J2 J2 zonal harmonic

*

* Coupling $

* Nonse.

*

* References s

* Escobal pg. 369

* O'Keefe at al., Astronomical J, Vol 64 num 7, pg. 247 for Rdot
*

*

SUBROUTINE J2DragPert { Inc,K,N,NDot, OmegaDOT,ArgpbOT,RDOT )
TMPLICIT NONE
‘ REAL*8 Inc,k,N,NDot, OmegaDOT,ArgpDOT,EDOT

* Locals
REAL*8 P,A,J2,NBar

* Inplemantation
J2 = 0.00108228D0

a = (1.0D0/n) ** (2,0D0/3.0D0)

p = a*(l1.0D0 - e*t2)

NBar= n*{ 1.,0D0+1.5D0*J2%(DSQRT(1.0D0~e*e)/(p*p))*
s ( 1.0D0-1.5D0*DSin({inc)**2 ))

* Pind dot Terms

OmegaDot = ~1,500%( J2/(p*p) ) * DCos(inc) * NBar

ArgpDot = 1,5D0*( J2/(p*p) ) * (2.0D0-2,.5D0*D8in(inc)**2) *
Nbar

EDot = ~(4.000/3.0D0) * (1.0D0-E) * (NDot/Nbar)

RETURN
END
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* C-70 *

x*

*

* SUBROUTINR PREDICT

*

* fThis subroutine determines the azimuth and elevation for the viewing ‘
* of a staellite from a known ground site. Notice the Jullan Date is left
* in it's usual DAYS foriat since the dot terms are input as radians per
* day, thus no extra need for conversion. The Julian Date also facillitates
* finding the site position vector. Also observe RANDV is not used since
* this would merely accomplish extra calculations. The iteration is left
* out to allow the user to set up his own loop to lcok for sighting times.
*

* Algorithm t

*

*  Author + Capt Dave Vallado USAFA/DFAS 719-472-4209 20 Sep 1990
* "
* Inputs H

* Jb ~ Julian Date of desired observation Days

* JDEpoch - Julian date of epoch for satellite Days

* No - Epoch Mean motion rad/day

* Ndot ~ Bpcoh Half Mean Motion Rate rad/2day2

*  Eo - Epoch Eccentricity e
* Bdot -~ Rpoch Bccentricity rate /day

* Inco - Bpoch Inclination rad

* Omegao - Rpoch Lon of Asc node rad

* Omegabot ~ Bpoch Lon of Asc Node rate rad/day

* Argpo - Bpoch Arqument of perligee rad

* ArgpDot - Epoch Argument of periges rate rad/day

* Mo ~ Bpoch Mean Anomaly rad

* Lat ~ Geodetic Latitude of site rad

* Lon ~ Longitude of site rad

* Alt = Altitude of site DU

*

* Outputs H

* Rho -~ Range from site to satellite blif

* Az ~ Azimuth rad

* Bl -~ Elevation rad

* Vis - Vvisibility Plag 'Radar Sun','Radar Nite','Eye‘','Not Vislible'
%

* Locals s

* Varlable o -~ denotes the epoch value, while no o is current

* Dt - Change in tims from EBpoch to desired t days

* A ~ Semi major axis ol

* RO - Eccentric Anomaly rad

* Ru - True Anosaly rad

* L8T - Local Sidereal Time rad

* GST - Greenwich 8idereal Time rad

* Temp ~ Temporary Real value

* RtAsc -~ Suns Right ascension rad

* Decl - Buns Declinatlion rad

* Theta = Angle between IJK Sun and Satellite vecrad

* Dist - Ppdculr distance of satellite from RSunDU

* Small = Tolerance of small values

* R ~ IJK Satellite vector DU

* R3 - IJK 8ite Vector by

* vs - Site Velocity vsctor Du/TU

* RhoVec - 8ite to satellite vector in 3EZ bu

* TempVec - Temporary vector

* RHoV - Site to satellite vector in WK By

* RSun ~ Sun vector AU

* c - Temporary Vector

g

* Constants 3

* 1 3 - 3.14159265358979 -
* Halfpl - 1.57079632679490

*  TwoPi - 6.28318530717959

* TUDay - Days in one TU 0.00933809102919444
*  aUDU - DUs in 1 AU 23455.07

*

* Coupling 1 ’
* SUN Position vector of Sun

* HAG Magnitude of a vector

* DOT Dot product of two vectors

* CROSS Cross Product of two vectors

* ROT1,ROT2,ROT3 Rotations about lat, 2nd and 3rd axis

* SITE 8ite Vector

* 18Time Local Sidereal Time

* NewtonR Iterate to find Eccentric Anoaaly '

* LNCOH1 Lingar combination of a scalar and vector

* References t

* Bacobal pg. 369

*
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SUBROUTINE Eredict ( JD,JDEpoch,no,Ndot,Eo,Edot,inco,Omegao,

& Omegalot ,Argpo,ArgplDot,Mo,Lat,Lon,AlLt,
& Rho,Az,El,RtAsc,Decl,Vis )

IMPLICIT NONE-

REAL*8 JD,JDEBpoch,no,Ndot,Xo,RBdot, inco,Omegac,RtAsc,Decl,
& OmegaDot ,Argpo,ArgpDot Mo,Lat,Lon,Alt,Rbo,A%,EL

CHARACTERR*11l Vis

EXTERNAL Dot

Locals

REAL*8 Dt,a,E0,Nu,LST,GST,Texp,Thata,Dist,AUDU,
& Smlll,Pl,HallPl,TWOP!,TUDAY.N,H,E,ONQI,Atgp,
& R(4),Rpgw(4),R8{4),V8{4) ,RhoVec(4),TempVec(4),RhoV(4),
& RSun(4),C(4),bot

INTEGRR |

Implementation

Small = 0.000001D0

Pi = 3,14159265358979D0

HalfPl = 1,57079632679490D0

woPl = 6.28318530717959D0

TUDAYy = 0.00933809102919484D0

AUDU = 23455.07003D0

Az = 0.0D0

Bl = 0,000

Rho = 0.0D0

Update elements to new time

Dt = JD - JDEpoch
‘e = @0 + EDot*Dt

Omega= Omegao + OmegaDot*Dt

Argp = Argpo + ArgpbDot*Dt

] = Mo + No*Dt + NDot*Dt*Dt

M s DMOD( M,TwoPl )

N = No + 2,0D0*NDot*Dt

N s N * TUDay

----------- Newton Rhapson to find True Anomaly -—=--=-=co=—ow-

CALL NewtonR( e,M, BO,Nu )

rorm POW position vector
a= ( 1.0DO/{N*N) ) ** { 1,0D0/3.0D0 )

Rpqw(4)= ( a*{1.0D0-e%e) ) / {1.0D0 + e*DCos{ Nu ) )
Rpgw(l)= Rpgw(4)*DCos( Nu }

Rpqw(2)= Rpqw(4)*D8in{ Wu )

Rpqw{3)= 0,0D0

Rotate to IJK
CALL ROT3( Rpgqw , —Axgp . TempVec )
CALL ROTLI{ TempVec, ~Inco , TempVec )
CALL ROT3{ TempVac, -Omdga, R )

CALL LSTIME| Lon,JD, Lst,Gst )
CALL SITE( Lat,Alt,Lst, RB,Y8 )

------ Find 1JK range vector froa site to satellite -——--~w——ve-

Do i=1,3
Rhov(i{) = R(i) - R8(1)
ENDLO
CALL MAG{ RhoV )
Rho= RhoV(4)

---- Calculate Topocentric Rt ascension and declination -ve~=ww-

Temps DSQRT( RhoV(1)**2 + RhoV(2)**2 )
IF ( DABS( RhoV(2) ).LT.Small ) THEN
IF ( Temp.LT.Small ) THRN
RtAsc= 999999.100
ELSE
IF ( RhoV(1).GT.0.0D0 ) THEN
RtAsc= P
ELSE
RtAsc= 0.0DQ
ENDIP
ENDIP
ELSE
RtAsc = DATAN2{ RhoV(2)/Temp, RhoV(l)/Temp )
ENDIP

IF ( Temp.LT.Small ) THEN
Decl= Halfpl

BLSE
Decl= DASIN({ RhoV{3)/RhoV(4) )
ENDIF
--------------------- Rotate to 8R2 -
CALL ROT3( Rhov, LST , TempVec )

CALL ROT2( TempVec,HalfPi-Lat, RhoVec )

¢ C-1 ¢
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Check visibility constraints
Is it above the horizon
IF ( RhoVec(3).Gr.0.0D0) THEN

------------- Is the site in the light, or in the dark -—---w—vemeem
CALL SUN{ JD,RSun,RtAsc,Decl )
CALL LnCOMl( AUDU,RS8un, RSun )
IF ( DOT( RSun,R8 ).GT.0.0D0 ) THEN
Vis = 'Radar Sun '
ELSE

-------------- Is the satellite in the shadow or not -~~=—--m—e—co—o-
CALL CRO88( R8un, R, C }
Theta= “‘Ain( C(4)/ (RSun(4)*R(4)) )
Dist =, ,;*DCOS( Theta - HalfPi )
IF ( Dist.GT.1.0D0 ) THEN

Vis = 'Eye :
BLSE
Vis = 'Radar Nite'
ENDIF
ENDIF
BLSE
vis = 'Not Visible'
ENDIF

Calculate the azimuth and elevatlion --—~-—-wc——w=--
Tamp= DSQRT( RhoVec(l)**2 + RhoVec(2)**2 )
IF ( DABS( RhoVec(2) ).LT.Small ) THEN
IF ( Temp,LT.Small ) THEN
Az= 999999,1D0
ELSE
IF { RhoVec(1).GT.0.0DC ) THEN
Az= Pl
BLSE
Azs 0.0D0
ENDIP
ENDIP
ELSE
Az = DATAN2( RhoVec(2)/Temp,-RhoVec(l)/Temp )
IF (A2.LT.0.0DO) THEN
Azz Twopl+Az
ENDIP
ENDIP

IF ( Temp.LT.Small ) THEN
Bl = Haltpl
ELSE
Bl = DASIN( RhoVec(3)/Rho )
ENDIF

--------- Calculate Geocentric Rt ascension and declination «--~emewe
Temp= DSQRT( R(1)**2 + R(2)**2 )
IP { DABS{ R(2) ).LT.Small ) THEN
IF ( Temp.LT.Small ) THEN
RtAsc= 999999.1D0
ELSR
IP ( R{1).GT.0.0D0 ) THEN
RtAsc= P!
ELSE
RtAsc= 0.0D0
ENDIP
ENDIP
ELSE
RtAsc = DATAN2( R{2)/Temp, R(1l)/Texp )
ENDIP

IF ( Temp.LT.Small ) THEN
Decl= Halfpi
ELSE
Decl= DASIN( R({3)/R(4) )
ENDIF

RETURN
END
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SUBROUTINE DERIV

This subroutine calculates the derivative of the state vector for use with
the Runge~Kutta algorithm. This models the two-body ROM.

Algorithm
Author
Inputs
Time
X

Outputs
XDot

Locals
X4Cubed

Constants
Nons,

Coupling
None.

References
None,

3+ Pind the ansver
1 Capt Dave Vallado USAFA/DFAS 719-472-4109 6 Apr 1989

- Time ™

- State Vector pu, DU/TU

t

~ Derivative of State Vector pu/Tu, DU/TU2

Cube of X(4)

SUBROUTINE Deriv ( Time,X, XDot )

INPLICIT NONR
RRAL*8 Time, X(6), XDot(6)
Locals
Real*8 X4Cubed
Isplementation
X4Cubed= ( DSQRT{ X(1)*%2 + X(2)**2 + X(3)n*2 ) )**3
Velocity Terms
XDot(l)= X{4)
XDot(2)= X(5)
XDot(3)= X(6)
Acceleration Terms
XDot({d)= -X(1l) / X4CTubed
XDot(8)= ~%X(2) / X4Cubed
XDot(6)= -X(3) / X4Cubed
RETURN
END
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This subroutine

Algorithm

Author

Inputs
R

v

Time
WhichOne
BC

Outputs
APert

Locals
rs2
rs3
m2
a3
r32
ri3
r34
r2
r3
rd
5
x7
Baeta
Temp
rho
va
RSun
RMoon
RtAsc
Dacl
1

Constants
J2
J3
J4
GMS

GMN
OmeggaBarth
TUDAY

Coupling
MAG
Sun
Hoon

-

References t
Rone.

SUBROUTINR PERTACCEL

calculates the actual value of the perturbing acceleration.

Setup temporary values

Use a case statement to select which perturbations are added

Note each perturbation adds on to the previous result

Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

Radius vector

Velocity vector

Initial time

Which perturbation to calculate
Ballistic Coefficient

Perturbing acceleration

Sun radius vector **2

8un radius vector **3

Koon radius vector *+2

Noon radlus vector **3

“2* component of Radius vector ##*2
*32" component of Radius vector **3
*z* componsnt of Radlus vector **4
Radius vector #*2

Radius vector #*t3

Radius vector #*4

Radius vector #*5

Radius vector #*7

Temporary Real Value
Atmospheric Density
Relative Velocity Vector
Radius Vector to Sun
Radius Vector to Moon
Right Ascension
Declination

Index

3

Sun Gravitationzl Parameter DU3/TU2
Koon Gravitational Parameter DU3/TU2
Angular rotation of Rarth (Rad/TU)
Days in one TU

Maonitude of a vector
8un vector
Moon vector

bu

DU/TU

™y

12345 ...
kg/m2

DU/TU2

pu /™
AU
Dy
deg
deg

0.00108263
-0.00000254
-0.00000151

332952.9364
0.01229997
0.0568335906868878
0.00933809102919444
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SUBROUTINE PertAccel ( R,V,Time,WhichOne,BC, APert )
INPLICIT NONE

REAL*8 R(4),V(4),Time,APert{4),8C
INTEGER WhichOne

Locals

RBAL*8 J2,J3,J4,gms,gam,OnagaBarth,RtAsc,Decl,
rs2,cm2,r93,rm3,c32,r33,r34,22,r3,5c4,15,r7,TUDay,
Beta,Temp,rho,Vs{4),R8un(4) ,RNoon(4)

INTEGRR 1

Implenentation
OmagaBarth= 0.05883359068688786D0
TUDay = 0,0093380%102919444D0
CALL MAG{ R )

CALL MAG({ V )

R2
R3
R4

r{4)**2
R2%r(4)
R2*R2

RS R2*R3

R7 R5*R2
R32 = x(3)*r(3)
R33 = R32%x(3)
R34 = R3I2*R32

nanns

J2 Acceleration

IF ( WhichOne.Bqg.l ) THEN
J2 = 0,00008263D0

APert(l)= ( (-1.5%J2%r(L)) / RS ) * ( 1.0-(5.0*R32) / R2
ARert(2)= ( (~L.5%J2%r(2)) / RS ) * ( 1..0-(5.0%R32) / R2
APert(3)* ( (~1.5%J2%r{3)) / RS ) * ( 3.0-(5,0*R32) / R2

CALL NAG( APert )
ENDIY

J3 Acceleration
IF ( WhichOne.Eq.2 ) TREN

J3 = ~0,0000025400

APart(l)= ( (;2.5*J3*:(1)) / R7 ) * ((3.0%r{3))~{7.0*R33)

R2 )
APert(2)= } (;2.5'J3‘r(2)) / R7 ) * ((3.0%x(3))-(7.0*R33)
R2 )

IF (DABS( r(3) ).gt. 0.0000001) THEN
APert(3)s ( (~2.5%33%x(3)) / R7 ) * ((6.0%*r(3))~
((3.0#R33) / R2) - ((3.0%*r2) / r(3)))
gLSR
APert(3)= 0.0D0
ENDIF
CALL MAG( APert )
¥

J4 Acceleratlon --
IF¥ ( WhichOne.Eq.3 ) THEN
J4 = ~0.00000161D0
APert{l)= ( (~1.875%J4*xr(l)) / R7 )*{1.0~((14.0*R32)/R2)+
((21.0*R34) / R4 ))
APert(2)= ( (~1.875%34%r(2)) / R7 )*{1.0~((14.0*R32)/R2)+
((21.0*R34) / R4 ))
APert(3)= ( (~1.875*J4%rx(3)) / R7 Y*(5.0~((70.0*R32)/
1 (3.0%¥R2))+((21.0%R34) / R4 ))
CALL MAG( APert )
ENDIP
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Sun Acceleration

n

nn

IP ( WhichOne.®q.4 ) THEN

GMS = 3.329529364D05
Temp = Timet*TUDay
CALL SUN( Temp, RSun,RtAsc,Decl )

DO i= 1,4
R8un(i)= RBun(1)*23455.07003D0
DO

RS2= RSun{d4)**2
RS83= R82*RBun(4)
APert(l)= (~GMS/R83) *
{r(1}~3.0*RBun(1)*
{{x(1l)*RSun(1)+x(2)*RSun(2)+r(3)*R8Bun(3)) / R82))
APort(2)= (~GM8/R83) *
(r(2)~3.0*RBun(2)*
((r(1)*RSun(1)+r(2)*RGun(2)+r(3)*R8un(3)) / RE2))
APert(3)= (~GNS/RB3) *
(r(3)~3.0%*R8un({3)*
((z{1)*RSun(1)+r(2)*R8un({2)+r(3)*R8un(3)) / RB2))
CALL MAG( APert )
ENDIF

oen "n e n

&

Moon Acceleration

IF ( WhichOne.Bq.5 ) THRMN

GMK = 0,01229997D0
Temp = Time*TUDay
CALL MOON( Temp, RMoon,RtAsc,Decl )
RM2= RMoon(4)*t2
RN3= RM2*RMoon(4)
APert(l)= (~GHM/RM3) *
{r(l1)-3.0*RMoon({1)*
}(r(l)*m‘oon(l)ﬂ(1)'Ruoon(1)+r(3)*lluoon(3))
RN2) )
APert(2)= (~GMN/RN3) *
(r(2)-3.0%RKoon(2)*
((r{1)*RKoon(l)+r(2)*RMoon(2)+r(3)*RMoon(3))
RM2))

APert(3)= (~GMM/RM3) *
(x(3)-3.0*RMoon{3)*
((z{1)*RMoon(L}+r(3)*Rioon(3)+r(3)*RMoon(3))
/ RK2))
CALL MAG( APert )
ENDIF

Drag Acceleration

IF ( WhichOne.Rg.6 ) THER

va(l)= V(1) + (OmagaBarth*r(2))
va(2)= V(2) - (OmegaBarth®r(l))
Va(3)= V{(3)

CALL MAG( Va )

CALL ATNOS({ R, Rho )

Temps ~1000,0D0 * va(d) * 0.5D0*Rho* ( 1.0DO/BC )
* £378137.0D0
APert{l)= TemptvVa(l)
APsrt(2)x Texp*Va(2)
APert(3)= Temp*Va(3)
CALL MAG( APsrt )
BNDIP

f

Solar Acceleration

IP ( WhichOne.Eg.7 ) THEN

Temp = Time*TUDay

CALL 8UN({ Temp, RSun,RtAsc,Decl )

Beta = 0.4DD

APert(4)= (4.74D~06*(1.0+Bata})/(BC*9.807)

APart(l)= (-APert(4)*RSun(l))/RBun{d}

APert(2)= (-APert{4)*R8un{2))/RSun{l)

APort(3)= (-APert(4)*RSun{3))/R8un(d)
ENDIP

RETURN
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SUBROUTINE PDERIV

This subroutine calculates the derivative state vector for the RK4
The Derivrype string is used to determine which perturbation

subroutine.

equations are

Algorithm

Author

Inputs
Time
X
Derivrype
BC

Outputs
XDot

Locals
RCubed
Ro
Vo
APert
TempPert
i

Constants
None.

Coupling
PertAccel
Addvec

References
None,

B tee o

.

[N IO S B B B4

used.

Assign values

Check each value of Derivtype and if a perturbatlion is needed

Capt Dave Vallado UBAFA/DFAS 719-472-4109 20 Sep 1990

Initial time

Initial state vector
String for including YN for Perts
Ballistic Cosfficlient

Derivative of X

Radius vector cubed

Radius vector

Velocity vector

Perturbing acceleration
Temporary acceleration

Index

TU

Dy , DU/TU
YNNYYYNNY
kg/m2

DU/TU , DU/TU2

DbU3

DU
DU/TU
Du/TU2
DU/TU2

Calculates the actual valuez of each perturbing acceleration
Adds two vectors together

*C-1m
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SUBROUTINE PDERIV( Time,X,DerivType,BC, XDot )
IMPLICIT NONE
RBAL*8 X(6),XDot(6),Time,BC
CHARACTER*10 DerivType

* Locals
REAL*8 RCubed,Ro(4),Vo({4),APert(4), TempPert(4)
INTEGER |
* Inplementation
Do =1, 3
APert(i)= 0.0D0
Ro(1) = X(1)
Vvo(i) = X(1+3)
BNDDO
CALL MAG( Ro ) ‘

CALL MAG( Vo )
APert(4)= 0.0D0
RCubed = Ro(4)**3

* Velocity Ternms -
XDot(1)= X(4)
XDot(2)= X(5)
XDot(3)= X(6)

* Acceleration Terms
IF ( DerivType(lil).eq.'Y' ) THEN
CALL PertAccel{ Ro,Vo,Time,1,BC, APert )
ENDIF
IP ( DerivType(l:2).eq.‘'Y' ) THEN
CALL PertAccel( Ro,Vo,Time,2,BC, TempPert )
CALL AddVec( TempPert,APert,APert )
ENDIF
IF ( DerivType(l:d).eq.'Y' ) THEN
CALL PertAccel( Ro,Vo,Time,3,BC, TempPert )
CALL AddVec( TempPert,APert,APert )
ENDIF
IP ( DerivType(l:d).eq.'¥Y' ) THEN
CALL PertAccel( Ro,Vo,Time,4,BC, TempPert )
CALL Addvec( TempPert,APert,APert )
ENDIF
IP ( DerlivType(l:5).eq.'Y' ) THER
CALL PertAccel( Ro,Vo,Time,5,BC, TespPert )
CALL AddVec{ TempPert,APert,APert )
ENDIF
IP ( DerivType(l:6).eq.'Y’' ) THEN
CALL Perthccal{ Ro,Vo,Time,6,BC, TempPert )
CALL Addvec( TempPert,APert, APert )
ENDIF
IF ( Derivrypa(li7).eq.'Y' ) THEN
CALL PertAccel( Ro,Vo,Tims,7,BC, TempPart )
CALL AddVec( TempPert,APert,APert )
ENDIF

XDot{4)= (-X(}) / RCubed) + APert(l)
XDot(5)= (-X(2) / RCubed) + APert(2)
XDot{6)= (~X{3) / RCubed) + APert(3)

RETURN
END
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SUBROUTINE RK4

This subroutine is a fourth order Runge-Xutta integrator for an
N-dimensional Pirst Order differential equation. The user must provide

an sxternal subroutine containing the system Equations of Motlon.
time is included since some applications may need this.

in DerivType is a flag for two-body motion, Two-Body motion is used if

the 10th element is set to '2', otherwise the Yes and No values determine

which perturbations to use,

Algorithm

t
Author

Inputs
ITime
DT
N
DerivType
BC

X

outputs
X

Locals
XDot
Time
K
TEMP
J
TempTime

Constants
None.

Coupling
Deriv
PDerlv

References

b

Evaluate each term depanding on the derivtype
Pind the final answer

t Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
3

~ Initial Time U

- Btep size ™

- Dimension of the state

- 8tring for including YN for Perts YNNYYYNNY2

- Balllstic Coefficlent kg/m2

- State vector at initial time Du, pu/TU

:

- State vector at naw time by, ou/Tu

Derivative of State Vector
Time

Storage

Storage

Index

Temporary time storage ™

DU/TU, DU/TU2
™

Subroutine for Derivatives of E.0.M. for Two-Body problem
Subroutine for Perturbed EK,O.W.

James, et al., "Applied Numerical Methods® pg. 461-466, eqtn pg. 463.

BMW

pg. 414-418%

Notice
The LAST position




SUBROUTINE RK4 ( ITime,DT,N,Derivrype,BC,

IMPLICIT NONE

INTEGER N

REAL*8 DT, ITime, X(N), BC
CHARACTER*10 DerivType

Locals

X)

RBAL*8 XDot(6), K{6,3), TERMP(6), Time, TempTime

INTEGER J

TempTime = ITime

Implementation

IF (DerivType(l:10).eq.'2') THEN
CALL DERIV( ITime,X,XDot )

ELSE
CALL PDERRIV( ITime,X,DerivType,BC,XDot )
ENDI?
Evaluate lst Taylor Series Term
PO J = 1,N
K(J,1) = Dt * XDot(J)
TEMP(J) = X(J) + 0.5D0*K(J,1)
ENDDO

Time = ITime + Dt/2,0D0

IP (DerivType(l:10).eq.'2') THRN
CALL DERIV( Time,Temp,XDot )

ELSE
CALL PDBRIV( Time,Temp,DerivType,BC,XDot )
BENDIP
Evaluate 2nd Taylor Serles Term

DO J = 1,N

K(J,2) = Dt * XDot(J)

TEMP(J) = X(J) + 0.5D0*K(J,2)
ENDDO

IF (DerivType(l:10).eq.'2') THEN
CALL DERIV( Time,Temp,XDot )

ELSE

CALL PDER1IV( Time,Temp,DerivType,BC,XDot )

ENDIF

DO J = 1,N
K(J,3) = Dt * XDot{J)
TENP(J) = X(J) + K(J,3)
ENDDO

TempTime = TempTime + Dt

IF (DerivType(l:10).eq.'2') THERN

CALL DERIV{ TempTime,Tenp,XDot )

ELSE

CALL PDERIV( TempTime,Temp,DerivType,BC,XDot )

ENDIP

D0 J = 1,N

X{J) = X(J) + ( X{(J,1) + 2.0DO*(K(J,2} + K(J,3)) +
Dt*XDot(J) ) / 6.0D0

ENDDO

RETURN

Update the state (actor

* C-g0 *

Evaluate 3rd Taylor Series Term

g e % Ay 2ne g

e R T
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SUBROUTINE ATMOS

This subroutine finds the atmospheric density at an altitude above an
oblate earth given the position vector in the Geocentric Bquatorial
frame. The position vector is in DU's and the density is in gm/cm**3,

Algorithm

Author

Inputs
R

Qutputs
Rho

Locals
Re
Height
Alt
0ldDelta
DeltaLat
GeoDtLat
GeoCnLat
TwoPMinusF2
OneMinusF2
Delta
Tenp
RSgrd
SinTemp
RhoNom
H
i

Constants
Pl
Plat
REarthkm

Coupling
NAG

References
Escobal
Blitzer
Werts

-

Find initial values
Loop to f£ind the latitudes
Calculate the density through a cascading IPF statement

Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

- GEC Position vector DU

'

- Density gm/cmr*3
Range of site w.r.t. earth center DU
Helght above earth w.r.t. site DU
Altitude above earth w.r.t. site km
Previous value of Deltalat rad

| I DO N AN NS IO IR TN SO N N B NS B

1t 1)

Diff between Dslta and Ceocentric lat rad

Geodetic Latitude -Pi/2 to PL/2 rad
Geocentric Latitude ~P1/2 to Pi/2 rad
2% - P aquared

{1-1F) squared

Declination angle of R in IJK system rad

Diff between Geocentric/Geodetic lat rad

Magnitude squared DU2
8ine of Temp rad
Nominal density at particular alt gm/cmtr3
Scale Height km
index
3,14159265358979
rlatenning of the Barth 0.003352810664747352
Radlus of Rarth in km 6378.137

Magnitude of a vector

pg. 398-399 ( Conversion to Lat and Height )
pg. 63 ( Atmospheric density )
pg. 820 ( Low altitude density )

*C-g1 ¢




SUBROUTINE ATMOS ( R, Rho )
IMPLICIT NONE
REAL*8 R(4), Rho

Locals
RRAL*8 Rc, Helght, OldDelta, DeltaLat, GecDtlat,

& TwoFKinusP2,0neMinusP2, Delta, RS8qrd, Temp, Pi, Flat,
& GeoCnlLat,H, Rhonom, Alt, RRarthkm, BinTemp
INTBEGER i
Initialize values
Pi = 3.14159265358979D0
CALL MAG{ R )
Flat = 0.003352810664747352D0
TwoFMinus¥2 = 2,0D0*Flat - FPlat®*2
OneMinusF2 = ( 1.0D0-Rlat )**2 <
REarthkm = 6378,.13700
Set up initial latitude value
Delta = DATan{ R(3) / DS8QRT( R(1)*™R(1) + R(2)*R(2) ) )
IF ( DABS(Delta).GT.Pi ) THEN ’
Delta = DMOD( Delta,Pi )
ENDIPF
GeoCnLat = Delta
Oldpelta = 1.0D0
DeltaLat = 10.0D0
RSqrd = R(4)%*2
-------- Iterate to find Geocentric and Geodetic Latitude ~---===-—
i=1
DO WHILE ( ( DABS8(OldDelta-Deltalat).GT.0.00001D0).and.
& (1.L7.20) )
OldDelta = DeltaLat
Rc = DOQRT{ ( 1.0D0-~TwoFWinusP2 ) /
[ { 1.0D0-PwoRNinusF2*DCOS(GeoCnLat)**2 ) )
GeoDtLat = DATan( DTAN(GeoCnLat) / OneMinusk2 )

Tenp = GeoDtLat-GeoCnlLat
8inTemp = DSIN( Temp ) '
Helght = DBORT{ R8Qrd - (Rc**2)*8inTempt*2 ) -
[ RCODCOS({Tonp)
DeltalLat = DASIN( Height#BinTemp / R(4) )
GeoCnLat = Delta -~ DsltalLat
i=1i+1
ENDDO

Ir ( 1.GE.10 ) THEN
Write(*,%) 'ATNOS latituds iteration did NOT converge '
ENDIP

*C-820




---------- Determine Density based on altitude

ALT = Height*RBarthKm

IF(ALT.GE.80G0DG) THEM
H = 130.820
RHONOW = 4.2620-17
RHO = RHONOM#*DEXP((800.0D0~ALT)/H)
ELSEIF(ALT.GE.700D0) THEN
H 105.3D0
RHONOM = 1,216D-15
RHO = RHONOM*DEYR{ {700,0DO~ALT)/H)
BLSEIF(ALT.GK.600D0) THEN
H 91.0D0
RHONOM 3.818p-15
RHO RHONOMADEXP ( (600.0D0~ALT) /H)
ELSRIF(ALT.GE,S00D0) THEM
B = 31.900
RHONOM = 1.316D-15
RHO = RHONOM*DRXP((500.0D0~ALT)/H)
ELSEBIF(ALT.GE.400D0) THER
H 73.200
RHONOM §.1920-15
RHO RHONOM*DRXP( {400.0D0-~ALT)/H)
ELSEIF(ALT.GE.300D0) THEN
H = 61.2D0
RHONOM = 2.653D-14
RHO = RHONOM*DEXP{ (300.0D0~ALT)/H}
ELSEIF(ALT.GE,250D0) THEN
H = 52.6D0
RHONOM = 7.316D-14
RHO = RHONOM*DEXP( ( 250.0D0-ALT) /H)
ELSBIF(ALT.GE,200D0) THEN
H = 40.0D0
RHONOK =  2,706D-13
RHO = RHOMOM*DEXP( (200,0D0-ALT)/H)
BLSRIF(ALT.GR.150D0) THEN
H = 24.1D0
RHONOK =  2.141D-12
RHO = RHONON*DRXP( {150.0D0-ALT) /H)
ELSRIF(ALT.GE.130D0) THEN
H = 16,100
RHONOM =  8,484D-12
RHO = NOM*DEXP( (130.0D0-ALT)/H)
48:1 3
H = 8.06D0
RHONOM = 9.661D-11
RHO = RHONOMADEXP({110.0D0-ALT)/H)
RNDIF

RETURN

* C-83 ¥




SUBROUTINE CHEBY

This subroutine calculates a CHEBYCHEV expansion for the atmosphare. .
Given an altitude above the Earth's surface, it will find the pressure and
density at that altitude uzing a Chebyshev polynomial. Calculations are
accomplished in metric units, and the final answers are converted to
English units, as described below.
The model is only valid from 0 to 200 km (656,000 £t) altitude.

Algorithm : Convert the altitude to km
Assign the pressure coeff based on altitude
Calculate the pressure
Assign the density coeff based on altitude
Calculate the denisty .
Convert to ENGLISH units

L B R I I B IR 2 2N 2k E B R B BE N NE N N I NN R N N N N I R N N N N N I I R N R N O

Author + C2C Candhi USAFA 719-472-4109 28 Nov 1988
Capt Dave Vallado USAFA/DFAS 719-472-4109 28 Aug 1990
Inputs : ’
Alt - Altitude above earth's surface, ft
Outputs s
PAlLt ~ Pressure at altitude 1bg/in**2
RhoAlt - Density at altitvde lbm/ftr*3
Locals 1
Constants H
None.
Coupling H
None.
References :
None.
SUBROUTINE CHEBY ( RLT, PALT,RHOALT ) ‘
IMPLICIT NONE

REAL*§ Alt,PAlt,RhoAlt

REAL*8 2, 2}, Sum, PO , X, Nu, Part, LnR, R, RhoO, C(15),A(15)
INTEGER k

e e Convert altitude to kilometers
2 = Alt * 0.0003048D0

* C-84 %
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IF (2.10.80.0D0) THEN

------------- Chebychev model for altitudes of 80 km or less ~—-~-—---
----------- Define initial and zero altitude pressurs constants -----

siM = 0.0D0

21 = 80.0D0

PO = 101325.0D0
--------------- Define the pressure ratlio coefficients ---—-—~-ccwona-

A(l) = -11.385925D0

A{2) = -5,6837011D0

A{3) = 0,052666476D0

A(4) = -0.077884294D0

A(5) = =0.11004083D0

A(6) = 0.017572339D0

A7) = 0.0048546337D0

A(8) = 0.0017694805D0

A{9) = -0.0018185298D0

A(10) = ~0,0026635086D0

A(ll) = 0.0035685433D0

A(l2) = -~0.0008225751.7D0

A(13) = ~0.0010363683D0

A(14) = 0.00057053477D0

A(15) = ~0.00019023078D0

ELSE

------------- Chebychev modsl for altitudss of 80 to 200 km ~w=m==wu-=
--------- Define inltlal and aero altitude pressure constants —-------

8UM = 0.0D0

2l = 200.0D0

PO = 101325.0D00

Define the pressurs ratlo coefficlents ~——----cme

A{l) = -24.475069D0

A{2) = -10.685861D0

A(3) = 2,2622605D0

A(4) = 0,63433398L0

A(5) = -0,.2794895910

A(6) = -0.,31548574D0

A(7) = 0.090751361D0

A(8) = 0.18530467D0

A(9) = -0,095325843D0

A{10) = -0.05021430500

A(ll) = 0,045101378D0

A(l2) = 0.00885. 747200

A(13) = -0.018935899D0

A{14) = 0.0035690621D0

A(15) = -0.0063989880D0

ENDIP

------------- Define X as a function of the altitude ratio —---=-=---

X = 2,000 * 2/21 - 1,000

Nu s 2,000 * X

Define Nu as a function of X

----------- Dofine the Chebyshev Polynomials as functlons of Nu -~---
C(2) = Nu
C(3) = Nu*Nu - 2.0D9
DO k= 4,15
C(k) = Nu * C(k~1) -~ C(k-2)
ENDDO

------- Sum all parts of the Chebyshev expansion atmospheric model~--

DO k= 2,15

PART = A(k) * C(K)
SUM = SUM + PART

ENDDO

LNR = 0.5D0 * (A(l) + BUN)
R = DBYXP(LNR)
PALT = R * PO

Solve for the pressure at altitude



IF (2.1e.80.0D0) THEN
* e mm e ———— Chebychev model for altitudes of 80 km or less ——=---=-
A e —— Define initial and zero altitude density constants ----
SUM = 0.0D0
21 = 80.0D0
RHOO = 1.,2250D0
* Define the density ratio coefficlents --------v-m-
A(l) = -10.960632p0
A(2) = -5.5717132D0
A(3) = 0.099116555D0
A(4) = 0.061044847D0
A(5) = -0.14304157D0
A(6) = 0.0029494088D0
A(7) = 0.0058789604D0
A(8) = 0.0020421324D0
A{9) = 0.0071033206D0
A(10) = ~0.0010314086D0 N
A(ll) = 0,0034100737D0
A(12) = 0,0041764325D0
A(13) = ~0.0039151555D0
A(14) = 0.0011227828D0
A(15) = -C.0015751053D0 ’
ELSE
X cmemnem—am——— Define initial and zero altitude density constants ----
SUM = 0.0D0
Z1 = 200.0D0
RHOO = 1,2250D0
t mmceee e~ Zhebychev model for altitudes of 80 to 200 km ~=—w==—=~
: * Define the density ratio coefficlents w---=-==c-e-
: A(l) = =-25,415229D0
: A{2) = -11.684380D0
i A(3) = 1.8721406D0
. A{4) = 0.8166087600
A(S) = -0.093811118D9
A{6) = -0.30155735D0
A(7) = ~-0.077593291D0
A(8) = 0,21640168D0
A(9) = -0.034918422D0
A(10) = -0.070126799D0
A(ll) = 0.036014616D0
A(12) = 0.014951351D0
A(13) = -0.021450203D0
A(14) = -0.0012497995D0
A(15) = 0.018421866D0
ENDIP
{ ¥ memmcmmoscne—eo Define X as a functlon of the altitude ratlo —=~~-=~--
X = 2,000 * 2/21 ~ 1.0D0
* Define Nu as a function of X -==—======a==-
Nu = 2,000 * X
e el Define the Chebyshev Polynomlals as functions of Nu ----
i C(2) = NHu
C(3) = Nu*Nu - 2.0DO
' Lo k=4,15
' C{k) = Nu * C(k~1) - C(k-2)
: ENDDO
L Sum all parts of the Chebyshev expanslon atmospheric model --
DO k= 2,15
A PART = A(k) * C{k)
{ SUH = SUM + PART
| ENDDO »
\ ¥ m—emm e e e Solve for the density at altitude ——--~--ve-—e--
‘ Voo = 0,5D0 * (A{l) + SUM)
R = DBXP(LNR})
RHOALT = R * RHOO »
¥ emm—e Convert pressure & density from metric units to English units--
£ e (N/(m*m) ==> lbf/in%*2 kg/m**3 ==> lbm/ft**3) ~~-=—eee—m

PALt = PALt * 0,000145D0
RhoAlt = RhoAlt * 0.062429507D0
RETURN
END
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Module - MATH.FOR
This file contalns fundamentzl mathematical Subroutines and functlons.
ARARRRARRARARRRRRE  NOTICE OF GOVERNMENT ORIGIN St RAaitRtRsttait
This software has been developed by an employee of the United States
Governmant at the United States Alr Force Academy, and s therefore
a work of the United States, and is NOT subject to copyright protection
under the provisions of 17 U.8.C. 105. ANY use of this work, or

incluslon in other works, must comply with the notice provisions of
17 U,5.C. 403.

RARARARRARR RN R RN R AN AR N RN R AR R DI RRRA KRN CARANNRRRERAARARENARAN RN
Author 3 Capt Dave Vallado, USAPA Dept of Astronautics
Coml 719-472-4109, Autovon 259-4109 / 4110
Current : 30 Jan 91 Capt Dave Vallado VERSION 3.0

Changes 3 25 Jan 91 Capt Dave Vallado
Upgrade to LAHEY Ver 3.0 / FORTRAN 90

20 Sep 90 Capt Dave Vallado VERSION 2.1
Misc fixes to spesd up
20 Apr 90 Capt Dave Vallado VERSION 2.0

14 Nov 89 Capt Dave Vallado

24 Apr 89 Capt Dave Vallado
Version 1.2
12 Feb 88 Capt Dave Vallado
Standardized Pormat
8 Sep 88 Capt Dave Vallado
Added Determinant and others
30 Aug 88 Capt Dave Vallado
Version 1.0
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: CONTENTS:

: Misc Punctions

: Punction Cot ( Xval )
: Punction Csc { Xval )
: Functlion 8Sec { Xval )
t PFunction  DACOSH { Xval )
.

: Vector Qperations

: Punction DOT ( Vecl,Vec2 )
: Subroutine CROSS { Vacl.Vec2, OutVec )
: Subroutine MAG { Vsc )
: Subroutine NORM { Vec, OQutVec )
: Subroutine ROTL ( Vec,Xval, Outvec )
: Subroutine ROT2 { Vec,XVal, OutVec )
: Subroutine ROT3 ( Vec,Xval, OutVec )
: Subroutine ADDVEC { Vecl,Vec2, OutVac )
: Subroutine ADD3VEC { Vecl,Vec2,Vec3, OutVec )
: Subroutine LNCOM { Al,Vec, OutVec }
: Subroutine LNCOM2 { Al,A2,Vacl,Vec?, . OutVec )
: Subroutine LNCOM3 { Al,A2,A3,Vecl,Vaec2,Vec3, OutVec )
: Subroutine ANGLE { Vecl,vVec2, Theta )
x
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Subroutine

Subroutine

Subroutine

Quadratic

Cublic

Quartic

Subroutine

Subroutine

Subroutine

Subroutine
Subroutine
Subroutine
Subroutine

Function

CONSTANTS

Rad

MatMult

MatAdd

MatTrans

LUDeComp
LUBkSub
MatInverse
PrintMat

Determinant

Analytic routines

{ a,b,c Rlr,R1i,R2r,R2i )

{ a,b,c,d Rlr,R1li,R2r,R2i,
R3r,R31

( a,b,c,4,e Rlr,Rli,R2r,R2i,

R3r,R3i,Rér R4t )

Matrix Operations

( Matl,Mat2,rl,cl,c2,Maxrl,Maxr2,Maxr3,

Haxcl,Maxc2,Maxc3, Mat3 ) ~
{ Matl,Mat2,rl,cl,Maxrl,Maxr2,Maxr3,
Maxcl,Maxc2,Maxc3, Mat3 )
( Matl,rl,cl,Maxrl,Maxr2,Maxcl,Maxc2, '
Mat2 )
{ LU,Index, Order )
( Ly,Index,Order, B )
( Mat,Order,MaxRow, Matinv )
( Matl,Row,Col,NaxRow,NaxCol )
( Order, Matl )

= Radlans per degres = 57.29577951308230
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This Punctlon finds the Cotangent of an angle in cadians,

Algorithm

Author

Inputs
XvVal

OutPuts
Cot

Locals
Temp
Infinity

Coupling
None.

t Capt Dave Vallado USAFA/DFAS 719-472-4109

FUNCTION COT

Find the tangent of the angle

Check to avoid a divide by zero

Angle to take Cotangent of

Result

Temporary Real variable
Large value to represent infinity

20 Sep 1990

rad

REAL*8 FUNCTION Cot( XVal )
IKPLICIT NONRB
REAL*8 XVal

Locals

REAL*8 Temp,Infinity

Infinity
Temp

-- Implementation
999999.9D0
DTAN( XVal )

IF ( DABS(Temp).LE.0.000001D0 ) THRN
Cot = Infinity

ELSE

Cot = 1.0D0 / Temp

ENDIF

RETURN
END
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PFUNCTION CS8C
This Function finds the Cosecant of an angle in radlans. ‘
Algorithm t Pind the sine of the angle
Check to avold a divide by zero

Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990
Inputs :

XVal ~ Angle to take Cosecant of rad
QutPuts t

Csc =~ Result
Locals s

Temp -~ Temporary Real varliable

Infinity ~ Large value to represent infinlty
Coupling H

None,

REAL*8 FUNCTION Csc( XVal )
IMPLICIT NONB
REAL*8 XVal

Locals
REAL*8 Temp,Infinity

Implemantation
Infinicty = 999999.900
Temp = DSIN( XVal )
IF ( DABS(Temp).LE.0,000001D0 ) THEN
Csc = Infinity
ELSE
Csc = 1.0D0 / Temp
ENDIF

RETURN ‘II"
END

a o n e



FUNCTION SEC

This Function finds the secant of an angle in radians.

*

*

*

x

*

*

*  Algorithm : Find the cosine of the angle

* Check to avoid a divide by zero

*

*  Author 1 Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

*

*  Inputs t

* Xval - Angle to take secant of zad

*
. *  QutPuts :

* Sec =~ Result

*

* Locals '

* Temp - Temporary Real variable

* Infinity - Large values to represent infinity
* *

*  Coupling 3

* None.

*

*x

REAL*8 FUNCTION Sec( Xval )
IMPLICIT NONE

REAL*8 XVal

* Locals
REAL*8 Temp, Infinity

2 am— Implementation
Infinity = 999999.9D0
Temp = DCOS( Xval )

IF ( DABS(Temp).LE,0,600001D0 ) THEN
Sec = Inflinity
ELSE
Sec = 1.0D0 / Temp

"III’ ENDIP
RETURN

END
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FUNCTION DACOSH

This function evaluates the inverse hyperbolic cosine function.

Algorithm t Check for an undefined value
Calculate the answer using LOG base 10

Author + Capt Dave Vallado USAPA/DPAS 719-472~-4109 28 Marx 1990
Inputs s

Xval ~ Value 1.0 to Infinity
OutPuts t

DACosh -~ Result any real
Locals H

Temp - Temporary Rsal Value

Undefined ~ Flag value for an undefined quantity
Coupling !

None.

REAL*8 FUNCTION DACOSH( XVal )
IMPLICIT NONB
REAL*8 XVal

Locals
REAL*8 Temp,UnDefined

------- Inplementation
Undefined= 999999.1D0

IF (XVal**2~1,0D0.LT.0.0D0) THEN
Temp= Undefined
Write(*,*) ‘Brror in ArcCosh Function '
ELSE
Temp= DLOG( XVal + DSQRT( XValtXval - 1.0D0 ) )
ENDIF

DACOSH = Temp

RETURN
END
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This Function finds the dot product of two vectors,

FUNCTION DOT

Algorithm 1 Calculate the answer directly
Author 1 Capt Dave Vallado USAFA/DFAS 719-472~4109 12 Aug 1988
Inputs 3
Vecl - Vector number 1
Vec2 - Vector number 2
OutPuts 3
Dot -~ Result
Locals H
None.
Coupling :
None,
REAL*8 FUNCTION DOT( Vecl,Vec2 )
IMPLICIT NONE
REAL*8 Vecl(4),Vec2(4)
Implementation
DOT= Vecl({l)*Vec2(1l) + Vecl(2)*Vec2(2) + Vecl(3)*Vec2(3)
RETURN
END
SUBROUTINE CROSS
This Subroutine crosses two vectors.
Algorithm + Calculats sach vector component
Pind the magnitude of the answer
Author 1 Capt Dave Vallado USAFPA/DFAS 715-472-4109 12 Aug 1968
Inputs :
Vecl - Vector number 1
Vec?2 - Vector number 2
OutPuts H
OoutVec -~ Vector result of A x B
Locals H
None,
Coupling s
MAG - Magnitude of a vector

SUBROUTINB CROSS( Vecl,Vec2, OutVec )
IMPLICIT NONE
REAL*8 Vecl{4), Vec2(4), OutVec(d)

OutVec(l)= Vecl(2)*Vac2(3) - Vecl(3)*Vec2(2)
OutVec(2)= Vecl(3)*Vec2(l) ~ Vecl(l)*Vec2(3)
OutVec(3)= Vecl(l)*Vec2(2) ~ Vecl(2)*Vec2(l)

CALL MAG( OutVec )

RETURN
END

Implementation

“- v e A



SUBROUTINE MAG

This Subroutine finds the magnitude of a vector. The tolerance is set
for 0.000001, thus the 1.0D-12 for a squared test of underflows.

*

*

*

*

*

*

*

*  Algorithm s Find the squared sum of the terms

* Check to be sure there is no SQRT of 0.0

*

* Author + Capt Dave Vallado USAPA/DFAS 719-472-4109 20 Sep 1990
*

* Inputs 3

* Vec - Vector

*

*  OQutPuts : -
* Vec(4) - Answer stored in fourth component

*

* Locals :

* Temp = Temporary Real variable

*

* Coupling : M
* dang.,

*

*

SUBROUTINE MAG( Vec )
IMPLICIT NONK
REAL*8 Vec(4)

* Locals
REAL*8 Temp

* Implementation
Tempz Vec{l)**2 + Vec(2)**2 + Vac(3)*#*2
IF (DABS(Temp).gt.1.0D-12) THEN
Vec(4)= DSQRT( Temp )
ELSE
Vec(4)= 0.0D0
ENDIF
RETURN

END '
3




SUBROUTINE NORM

This Subroutine calculates a unit vector givsn the original vector. If a
zero vector is lnput, the output is set to zero.

*

*

*

*

*

*

*

*  Algorithm : Find the magnitude of the input vector if not done
* Check if the magnitude is greater than aero
*

*  Author : Capt Dave Vallado USAPA/DPAS 719-472-4109 10 Feb 1989
*

* Inputs :

* Vec - Vector

*

* OQutPuts 3

* Outvec ~ Unit Vector

*

* Locals :

* Small - Tolerance factor

* L - Index

*

* Constants t

* Nong.

x

* Coupling t

* MAG - Magnitude of a vector

*

*

SUBROUTINE NORM( Vec, OutVec )
IMPLICIT NONE
REAL*8 Vec(4),0utVec(d)

* Locals
REAL*68 Small
INTEGER |

* Implementation
Small = 0.000001D0

CALL MAG( Vec )
IP ( Vec(4).GT.Small ) THRN
Do = 1,4
OutVec(i)= Vec(l) / Vec(é)
ENDDO
ELSE
Do i= 1,4
OutVec(i)= 0.0D0
BNDDO
ENDIP
RETURN
END



SUBROUTINE ROTL
This Subroutine performs a rotation about the 1st axis. '
Algorithm t 8tore 3rd component for later use

Calculate 8Sins and Cosine values to make more efficient
#ind the new vector

Author : Capt Lave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs !
Vec ~ Input vector
XVal - Angle of rotation rad
: OutPuts 3
OutVec = Vaector result
Locals 1
c - Cosine of angle XVal
s ~ 8ine of angle Xval
Temp = Temporary REAL value
Coupling H
Nonse.

LR B I R IR N I B B B B RE R NN S B N N N CEE NN Y

SUBROUTINE ROT1{ Vec, Xval, OutVec )
IMPLICIT NONE
REAL*8 Vec(4), XVal , OutVec(4)

* Locals
REAL*8 C,S,Temp

* Inplementation
Temp= Vaec(3)
cz DCoa( XVal )
8= DSin( Xval )

OutVec(3)= c*Vec(3) - s*Vec(2)
OutVec(2)= ctVac(2) + s*Temp
OutVec(l)= Vec(l)

OutVec(4)= Vac(d)

RETURN
END
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SUBROUTINE ROT2
This Subroutine performs a rotation about the 2nd axls.
Algorithm 1 Store 3rd component for later use

Calculate Sine and Cosine values to make more efficient
Find the new vactor

Author t Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H

Vec ~ Input vector

XVal - Angle of rotation rad
OutPuta 3

OutVac ~ Vasctor result
Locals 3

c -~ Cosine of angle XVal

s - 8ine of angle XVal

Temp - Temporary REAL value
Coupling s

None.

SUBROUTINR ROT2( Vec, XVal, OutVec )
IMPLICIT NONB
REAL*8 Vec(4), Xval , OutVec(4)

Locals
REAL*8 C,S,Temp

= --=~ Implementation
Tempa Vec(3)
c= DCos( Xval )
s= DSin( Xval )

OutVec(3)= c*Vec(3) + e¢*Vec(l)
OutVec(l)= c*Vec(l) - s*Teap
OutVec(2)= Yac(2)

OutVec(4)= Vec(4)

RETURN
END

& n A & —
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*
*
*
*
*
®
*
*
*
x
*
*
1
*
*
*
*

This Subroutine

Algorithm :

Author 3

Inputs 3
Vec -
Xval -

JutPuts
OutVec

Locals
c
s
Temp

-

Coupling
None.

SUBROUTINE ROT3
performs a rotation about the 3rd axis.
Store 2nd component for later use
Calculate 8ine and Cosine values to make more efficient
rind the new vector
Capt Dave Vailado USAFA/DFAS 719-472-4109 12 Aug 1988

Input vector
Angle of rotatlon rad

Vector result

Cosine of the angle XVal
Sine of the angle Xval
Temporary REAL value

SUBROUTINE ROT3( Vec, XVal, OutVec )
IMPLICIT NONE
REAL*8 Vec(4), XVal , OutVec(d)

REAL*8 C,8,

Locals
Temp

Implementation

Temp= Vec(2)
c= DCos( Xval )
s= DSin( Xval )

CutVec(2)=
OutvVec(l)=
OutVec(3)=
outVec(4)=

REIURN
END

ctVec(2) - s*Vec(l)
ctVec(l) + stTemp
Vec(3)

Vec(4)

+ p-10 ¢
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This Subroutine

SUBROUTINR ADDVEC

adds two vectors.

Algorithm t Loop to find each component
Pind the magnitude of the vector
Author s Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H
Vecl - Vector number i
Vec2 ~ Vector number 2
OutPuts :
OutvVec - Vector result of Vecl x Vec2
Locals H
i - Index
Coupling s
MAG - Magnltude of a vector
SUBROUTINE ADDVEC( Vecl,Veci, OutVec )
IMPLICIT NONE
REAL*8 Vecl(4),Vec2(4),0utVec(4)
Locals
INTEGER |
Iaplementation
Do i= 1,3
OutVec(i)= Vecl(l) + Vec2(i)
ENDDO
CALL MAG( OutVec )
RETURN
END
SUBROUTINR ADD3IVEC
This Subroutine adds three vectors.
Algorithm 1 Loop to find each component
Find the magnitude of the vector
Author + Capt Dave Vallado USAFA/DFPAS 719-472-4109 12 Aug 1988
Inputs H
Vecl = Vector number 1
Vec2 - Vector numbar 2
Vec3 - Vector number 3
OutPuts H
OutVec = Vector result of Vecl + Vec2 + Vec3
Locals 3
i ~ Index
Coupling t
MAG - Magnitude of a vector

SUBROUTINE ADD3VEC( Vecl,Vec2,Vec3, OutVec )
IMPLICIT NONE
REAL*8 Vecl(4),Vec2(4),Vec3(4), OutVec(4)

INTEGER |

Locals

Do i= 1,3

Implemantation

OutVec({i)= Vecl(i) + Vec2(l) + Veci(})
DO

CALL HAG( OutVec )

RETURN
END

*tpo*
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This Subroutine
multiplied by

Algorithm 3

Author H

Inputs
A
Vec -

OutPuts H
OutVec -

.

Locals
i

o

Coupling
MAG

SUBROUTINE LNCOM1

calculates the linear combination of a vector
a constant,

Loop to £ind each combination
Pind the magnitude of the vector
Capt Dave Vallado USAFA/DFAS 719-472-4109 21 Aug 1988

constant
Vector

Vector result of A * Vec

Index

Magnituds of a vector

SUBROUTINE LNCOM1( A,Vec, OutVec )
INPLICIT NONE
REAL*8 A,Vac(4),0utVec(4)

INTEGER |

Locals

Do i=1,3

Implementation

OutVec(l)= A*Vec(})

ENDDO

CALL NAG( OutVec )

RETURN
END

* D12 %
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SUBROUTINR LNCOM2

T+is Subroutine calculates the linear combination of two vectors
multiplisd by two constants.

Algorithm : Loop to find each combination
Pind the magnitude of the vector

Author 3 Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs H

Al - constant number 1l

A2 - constant number 2

Vecl - Vector number 1

Vac2 - Vector number 2
OutPuts 3

OutVec - Vector result of Al*Vecl + A2*Vec2
Locals 3

i - Index
Coupling 3

MAG ~ Magnlitude of a vector

SUBROUTINE LNCOM2( Al,A2,Vecl,Vec2, OutVec )
INPLICIT NONE
REAL*8 Al,A2,Vecl(4),Vec2(4),0utVec(4)

Locals
INTEGER 1}
Implementation
DO &= 1,3
OutVec(i)= Al*Vecl(i) + A2*Vec2(i)
ENDDO
CALL MAG( OutVec )
RETURN
END

* D13 *
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This Subroutine
multiplied by

Algorithm :

Author s

Inputs :
Al -
A2 -
A3 -
Vecl -
Vec2 -
Vec3 -

OutPuts H
OutVec -

Locals H
i -

.-

Coupling
MAG

SUBROUTINE LNCOM3

calculates the linear combination of three vectors
three different constants,

Loop to f£ind each combination
Pind the magnitude of the vector

Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988

constant number 1
constant number 2
constant number 3
Vector anumber 1
Vector number 2
Vector number 3

Vector result of Al*Vecl + A2*Vec2 + A3*Vec3

Index

- Magnitude of a vector

SUBROUTINE LNCUM3{ Al,A2,A3,Vecl,Vec2,Vec3,OutVec )}
IMPLICIT NCNE
REAL*8 Al,A2,A3,Vecl(4),Vec2(4),Vec3(4),0utVec(4)

INTEGRR |

Locals

DO i= 1,3

Implamentation

OutVec(i)= Al*Vecl(l) + A2*Vec2(i) + A3*Vec3(!l)
DO

CALL MAG( OutVec )

RETURN
END

T D14t
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This Subroutine calculates the angle between two vectors.
set to 999999.1 to indicate an undefined value.
this at the output phase.

1.0D-12 for a

Algorithm

Author
Inputs
Vecl
Vec2

OutPuts
Theta

Locals
Temp

Constants
Undefined

Coupling
DOT

3

v

o

.

SUBROUTINE ANGLE

squared test of divide by zero.

Check the denominator for a divide by zero

The output is
Be SURE to check for
The tolerance is set for 0.000001, thus the

Check for exactly 1.0 or -1.0 to avold ArcCosine problems

Capt Dave Vallado USAFA/DFAS 719-472-4109 20 Sep 1990

Vector number 1
Vector number 2

Angle betwean the two vectors rad
Temporary REAL variable

H

Undefined flag for a varlable

Dot Product of two vectors

SUBROUTINE ANGLE ( Vecl,Vec2, Theta )
IMPLICIT NONE
REAL*8 Vecl(4),Vec2(4),Theta,Temp

Locals

! EXTERNAL DOT
Undef ined, Dot

REAL*8

Implementation

Undefined = 999999.1D0

IF ( Vecl(4)*Vec2(4).G7.1.0D-12 ) THEN
Temp = DOT(Vecl,Vec2) / (Vecl(d)*Vac2(4))
IF ( DABS(Temp).gt.1.0D0 ) THEN

Temp = DSIGN{ 1.0D0,Temp )

ENDIP
Theta = DACOS( Temp )
ELSE
Theta = Undefined
ENDIP
RETURN

END

* D15 *
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SUBROUTINE QUADRATIC

This subroutine solves for the two roots of a quadratic equation. There are
no restrictions on the coefficlents, and imaginary rasults are passed
out as sgparate values. The general form is y = ax2 + bx + c.

Algorithm t Initialize all values
Pind discriminate
Use discriminate value to separate the root calculations

Author + Capt Dave Vallado UBAFA/DFAS 719-472-4109 10 Jan 1991
Inputs 3

a - Coefficient of x sqguared term .

b ~ Coefficient of x term

c ~ Constant
OutPuts :

Rlr - Real portion of Root 1

Rli - Imaginary portion of Root 1

R2r - Real portion of Root 2

R2i -~ Imaginary portion of Root 2
Locals H

Discrim - Discriminate b2 - dac
Constants L

None.
Coupling H

None.
References

1
Escobal pg. 433-434

SUBROUTINE Quadratic( a,b,c, Rlr,Rli,R2r,R2{ )
IMPLICIT NONE
RBAL*8 a,b,c, Rlr,Rli,R2r,R2{

Locals
REAL*8 Discrim
Initialize
Rlr= 0.0D0
Rli= 0,0D0
R2r= 0.0D0
R2i= 0.0D0
Discrim= b*b - 4.0D0*a*c
-— Real roots

IF (Discrim.gt.0.0D0) THEN

Rlr= ( -b + DSQRT(Discrim) ) / ( 2.0D0%a )
R2r= ( -b - DBQRT(Discrim) ) / ( 2.000%*a )
ELSE
Complex roots
Rir= ~b / ( 2.0DO%a )
R2r= Rlr

Rli= DSQRT(~Discrim) / { 2.000*%a )
R2i= ~DSQRT(-Discrim) / ( 2.0D0%a )
ENDIP

RETURN
END

AD ot
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SUBROUTINE CUBIC

This subroutine solves for the thres roots of a cubic squation. Theze are
no restrictions on the coetfficients, and imaginary results are passed
out as separate values. The gensral form is y = ax3 + bx2 + cx + d. Note
that Ril will ALWAYS be ZERC since there is ALWAYS at least one RRAL root.

Algorithm

OutPuts
Rlr
RLi
R2r
R24
R3r
R31

Locals
Templ
Temp2
Rootl
Root2
Root3d
P
Q
R
Delta
EO
phi
CosPhli
8inPhi
Small
OneThird

Constants
Rad

Coupling
ATAN2
POWER

Roferencss
Escobal

3

| I I T IR 4

Initialize variables
Find correct coeffcients for the form of solution
IP Delta is positive

IPF Delta is zero

else
find answers where Delta is negative

Capt Dave Vallado USAFA/DFAS 719-472-4109 10 Jan 1991

Coefficient of x cubed term
Coefficient of x squared term
Coefficient of x term
Constant

Real portion of Root 1
Imaginary portion of Root 1
Real portion of Root 2
Imaginary portion of Root 2
Real portion of Root 3
Imaginary portion of Root 3

Temporary value

Temporary value

Temporary value of the root

Temporary value of the root

Temporary value of the root

Coefficient of x squared term where x cubed term is 1.0
Costficient of x term whare x cubed term is 1.0
Cosfficient of constant term where x cubed term is 1.0
Discriminator for use with Cardamns formula

Angle holder for trigonomstric solution

Angle used in trigonometric solution

Cosine of Phi

S8ine of Phi

Tolerance factor

1.0/3.0

Radlans per degree

Arctangent including check for 180-360 deg
Ralse a number to a power

t
pg. 430-433

*n 17 ¢




SUBROUTINE Cubic ( a,b,c,q, Rlr,R1§,R2r,R21,R3r,R31 )
IMPLICIT NONE
REAL*8 a,b,c,d, Rlr,R1},R2r,R2{,R3r,R31

* Locals
REAL*8 templ, temp2, Rootl, Root2, Root3, P, Q, R, Delta,
& EO, CosPhi, SinPhi, Phi, OneThird, Rad, Small

* Initialize
! Rad = §7.29577951308230D0
OneThird = 1.0D0/3.0D0
Small= 0,000001D0
Rlr 0.0D0
R1i 0.0D0
R2r 0.0D0
R2% 0.0D0 +
R3r 0.000
R3i 0.0D0
Rootl= 0.0D0
Root2= 0.0D0
Root3= 0.0D0

(LB TR I LI T 1

* e ————— Force coefficlients into std form

a= OneThird*( 3.0D0*Q -~ P*P )
b= (1.0D0/27.0D0)*( 2.0DO*P**3 ~ 9.0D0*P*Q + 27.0D0*R )

Delta= (a**3/27,0D0) + (b*b/4.0D0)

* Use Cardans formula
IF (Delta.gt.Small) THEN
Templ= (-b*0,5D0)+DSQRT(Delta)
Temp2= (~b*G,5D0)~DSORT(Delta)
IF (DABS(Templ).gt.Small) THEN
Templ= DSIGN(1.0D0,Templ)*( DSIGM(1.0D0,Templ)*Templ )
& #20neThird
ENDIF
IF (DABS(Temp2).gt.Small) THEN
Temp2= DSIGN(1.0D0,Temp2)*{ DBIGN(1.0DO0,Temp2)*Temp2 )
. H **0neThird
ENDIF
Rootl= Templ + Temp2
Root2= ~0.5D0*(Templ + Temp2)
! Root3= -0.5D0*(Templ + Temp2)

} R2i = -0.5D0*DSQRT( 3.0D0 )*(Templ - Temp2)
. R3t = -R2i
" ELSE

* Evaluate zero point

IF (DABS( Delta ).lt.Small) THEN

IF (DABS(b).gt.Small) THEN

Rootls -DBIGN(1.0D0,b)*2,0D0*
[ ( DSIGN(1.0D0,b)*b/2.0D0 )**OneThird
Root2= DSIGN(1.0D0,b)® { DSIGN(1.0DO0,b)*b/2.0D0 )
& **0neThird
Root3= Root2
ENDIP
* alse let them be 0.0D0 since b is 0.0D0
ELSR
x Use trigonometric identities

BO = 2,GDO*DSQRT(-a*OneThird)

CosPhi= (~b/(2.0DO*DSQRT(-a**3/27.0D0)) ) -

8inPhi= DSQRT( 1.0D0~CosPhi®22 )

Phi DATAN2{ 8inPhl,CosPhi )

Rootl = E0*DCos( Phi*OneThird )

Root2 = BO*DCos{ Phi*OneThird + 120.0D0/Rad )

Root3 = E0*DCos( Phi*OneThird + 240.0D0/Rad ) q

ENDIP
ENDIP

L

Rlr= Rootl - P*OneThird
R2r= Root2 ~ P*OneThird
R3r= Root3 - P*QneThird
RETURN
BND

t D18 ¢
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SUBROUTINE QUARTIC

This subroutine solves for the four roots of a quartic equation. There are
no restrictions on the coefficients, and imaginary results are passed
out as separate values. The general form is y = &x4 + bx3 + ¢cx2 + dx + e.

Algorithm
Author

Inputs

oLO0CD

OutPuts
Rlr
Rli
R2r
R21
Rir
R3i
RArx
R4L

Locals
Templ
Temp2
Rootl
Root2
Root3
s
h
hsqr
hCube
P
Q
R
Delta
20
Phi
CosPhli
SinPhi
Small
OneThird
RPrime
Temp
Bta
Beta

Constants
Rad

Coupling
ATAN2
POWER

References
EBscobal

t Capt Dave Vallado USAFA/DPAS 719-472-4109 10 Jan 1991

Coeficient of x fourth term
Coefficient of x cubed term
Coefficient of x squared term
Cosfficient of x term
Constant

LN I I A

Real portion of Root 1
Imaginary portion of Root 1
Real portion of Root 2
Imaginary portion of Root 2
Real portion of Root 3
Imaginary portion of Root 3
Real portion of Root 4
Imaginary portion of Root 4

[ S T R SR B B 4

Temporary value

Temporary value

Temporary value of the root

Temporary value of the root

Temporary value of the root

alternate variable

Temporary value

h squared

h Cubed

Term ln auxillary equation

Term in auxillary egquation

Term in auxillary equation

Dlacriminator for use with Cardans formula
Angle holder for trigonometric solution
Angle usad in trigonometric solution
Cosine of pPhi

8ine of Phi

Tolerance factor

1.0/3.0

Values of roots bufore final work
Temporary variable in finding MAX RPrime
Constant coefficlent in quadratic solutions
Constant coefficlent in quadratic solutions

- Radians psr degres

- Arctangent including check for 180-360 deg
- Ralse a number to a power

3
pg. 430-433
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SUBROUTINE Quartic( a,b,c,d,e, Rlr,R1},R2r,R2i,R3r,R3i,R4r ,R41 )
IMPLICIT NONE
RBAL*S8 a,b,c,d,e, Rlr,Rli,R2r,R24,R3r,R3i,R4r,R41
* Locals
REAL*S Templ, Temp2, Rootl, Root2, Root3, s, h, P, Q, R, Delta,
& EO, OneThird, CosPhi, SinPhi, Phi, RPrime, hS8qr, HCube,
& Bta, Beta, rad, Small

* Initialize
Rad 57.2957795130823000
OneThird = 1.0/3.0
Small= 0,000001D0
Rlr 0.0D0
R1i 0.0D0
R2r 0.0D0
R21 0,0D0
R3r 0.0D0
R31 0.0D0
RAr 0.0D0
R4l 0.0D0

0.0D0

Root2= 0.0D0

Root3= 0.0D0

A mmmem e ———— force cosfficlents into std form

~b/4
Haw2
He#r3

x
w
Le)
~
oo

z 6.0%HSqr  +
= 4.0%HCube + 3,0%b*HBqr +
= h*HCube + b*HCube + cC*HS8qr +

3.0%b*h + ¢
2.0D0*c*h + 4
d*h + o

a=  (1.0D0/ 3.0D0)%({ -P*P-12,0D0*R )
b= (1.0D0/27.0D0)*( ~2.0DOSP*P*P+72,0D0*P*R-27,0D0*Q*Q )
s= -(2.0D0/ 3.0D0)*P

Delta= (a**3/27.,0D0) + (b*b/4.0D0)

IF (DABS(Q).gt.9mall) THEN
* Use Cardans formula
IF (Dulta.gt.Small) THEN
Templs (~b*0,5D0)+DSQRT(Delta)
Temp2= (-b*0,5D0)~DSQRT(Delta)
IF (DABS(Templ).gt.Small) THEN
Templ= DSIGN{1.0D0,Templ)*{ DSIGN(1.0UDO,Templ)*
& Templ }**OneThlird
ENDIP
IF (DABS(Temp2).gt.Small) THEN
Temp2= DSIGN(1.0DO,Temp2)*( DSIGN(1.0D0,Temp2)*
& Temp2 )**OneThird
ENDIF
Rootl= Templ + Temp2
Root23 -0.5D0% (Texpl + Temp2)
Root3= -0.5D0*(Templ + Temp2)
R21 = -0.5DO%DSQRYT( 3.0D0 )*(Templ - Temp2)
R3f = -R2}
ELSE
* Evaluate zaro point
IP (DABS( Delta ).lt.8mall) THEN
IF (DABS(b).gt.Small) THEN
Rootl= -DSIGH(1.0D0,b)*2,0D0*

& ( DSIGN(1.0D0,b)*b/2.0D0 )**OneThird
Root2= DSIGN(1.0D0,b)* { DSIGN(1.0D0,b)*b/
5 2.0D0 )**OneThird
Root3= Root2
ENDIF
* glge let them be 0,0D0 since b is 0.0D0
ELSE
b ittt L Use trigonometric identities r——
ED = 2,0D0*DSQRT(-a*OneThird)

CosPhi= (-b/(2.0DO*D3QRT(-a%**3/27.0D0)) )

sinPhi= DBQRT( 1.0D0-CosPhi**2 )

Phi = DATAN2( SinPhi,CosPhi )

Rootl = RO*DCos( PhitOneThird )

Root2 = E0*DCos{ Phi*OneThlrd + 120.0D0/Rad )

Rootd = EO*DCos( Phi*OneThlird + 240.0D0/Rad )
BNDI¥

ENDIF
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rind largest value of root
RPrime= Rootl+s
I? ((RPrime.lt.Root2+s).and.(DABS(R21).1t.0.00001D0)) THEN
RPrime= Root2+s
ENDIF
IF ((RPrime.lt.Root3+s).and.(DABS(R31).1t.0.00001D0)) THEN
RPrime= Root3+s
ENDIP

---------- Evaluate coefficlents of two resulting Quadratics ~--~—-—-
IF (RPrime.gt.Small) THEN

Eta = 0.5%( P + RPrime - Q/DSQRT(RPrime) )
Beta= 0.5%( P + RPrime + Q/DSQRT(RPrime) )

RLSE
Bta = 0.5*P
Bata= 0.5*p

ENDIP

CALL Quadratic( 1.0D0, DBQRT(RPrime),Eta,
& Rlr ,Rli,RZr,RZl )

CALL Quadratic( 1.0D0,~DSQRT(RPrime),Beta,
& R3r,R3i,R4r,R4% )

RLSE
---------- Case where solution reduces to a quadratlic ~—-p~wm—ce—came
CALL Quadl‘atlc( 1.0,’(‘, er,Rli,Rzr.Rﬁ. )
Rlrs DSQRT( Rlr )
Rli= DSQRT( R11 )
R2r= DSQRT( R2r )
R2i= DSQRT( R2i ) '

R3rz -Rlr !
R3i= -R1l
Rdr= -R2r
Rdis -R2i
ENDIF
Rir= Rlr + h
R2r= R2r + h
R3r= RIr + h
R4rs RAr + b
RETURN
END
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SUBROUTINE MATNULYT
This Subroutine multiplles two matricies together.

Algorithm s Loop through the Rows
Loop through the Cols
Loop through an index
Multiply and add up sach cell value

Author s Capt Dave Vallado USAFA/DFAS 719-472~4109 20 Sep 1990
Inputs :
Matl - Matrix number 1
Mat2 ~ Matrix nusber 2
rl - Actual number of rows in Matl
cl =~ Actual number of cols in Matl
c2 = Actual aumber of cols in Mat2
Maxrl - Maximum number of rows for Matl, the # declared in main
Maxr2 - Maximum nusber of rows for Mat2, the # declared in main
Maxr3 ~ Maximum nusber of rows for Mat3, tha ¢ declared in main
Maxcl - Haximum npumber of cols for Matl, the # declared in main
12axc2 -~ Maximum number of cols for Mat2, the # declarsd in main
Haxc3 - Maximum number cf cols for Mat3, the § declared in main
OutPuts H
Mat3 ~ Matrix result of Matl * Mat2
Locals )
row =~ Row counter for Natl
col ~ Col counter fcr Mat3
ktr = Additional counter
Coupling 3
None.

SUBROUTINE MatMult ( Matl,dat2,rl,cl,c2,Maxr},Maxrc2,Maxc3,

L NaxCl,KaxC2,MaxC3, Mat3 )
IMPLICIT NONE
INTRGER rl, cl, c2, Maxrl, Maxr2, Maxrl, Maxcl, Maxc2, MNaxc3
REAL*8 Matl(Maxrl,MaxCl), Mat2(Maxr2,MaxC2), Hat3{Maxr3,NaxC3)

Locals
INTEGER Row, Col, ktr

Implementation
DO Row =1 , rl
DO Col =1, c2
Mat3({Row,Col) = 0.0D0
DO ktr =1, ¢}
Hat3(Row,Col) = Mat3(Row,Col) +
& Hatl (Row,ktr) * Mat2(ktr,Col)
ENDDO
ENDDO
ENDDO
RETURN
END
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SURBOUTINE MATADD
This subroutine adds two matricies together.
Algorithm + Loop through the Rows

Loop through the Cols
Add the matricles

Author : Capt Dave Vallado UBAFA/DFAS 719-472-4109 20 Sep 1990
Inputs {
Matl ~ Matrix number 1
Mat2 - Matrix number 2
rl - Actual number of rows in Matl
cl - Actual number of cols in Matl
Maxrl ~ Maximum number of rows for Matl, the § declared in main
Maxr2 -~ Maximum number of rows for Mat2, the § declared in main
Maxr3 ~ Maximum number of rows for Mat3, the # declared in main
Maxcl -~ Maximum number of cols for Matl, the § declared in main
Maxc2 ~ Kaximum number of cols for Mat2, the # declared in main
Maxc3 -~ Maximum number of cols for Mat3, the § declared in main
OutPuts 3
Hat3 - Matrix result of Matl + Mat2 of size rl x cl
Locals [
row - Row counter for Mat3
col ~ Col counter for Mat3
Coupling 3
Nong.
References 3
Nona.

SUBROUTINE MatAdd ( Matl,Nat2,rl,cl,Maxrl,Naxr2,Maxrc3,

& Haxcl,Maxc2,Maxc3, Mat3 )
IMPLICIT NONE
INTEGER rl, cl, Maxrl, Maxr2, Maxr3, Maxcl, Maxc2, Kaxc3
REAL*S Matl(Maxrl,Haxcl), Mat2(Maxr2,Kaxc2), Mat3{Maxr3,Naxc3)

Locals
INTEGER Row, Col

Implementation
DO Row =1 , rl
DO Col =1, cl
Mat3{Row,Col) = Hatl{Row,Col} + Mat2(Row,Col)
ENDDO
ENDDO

RETURN
END
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This subroutine

Algorithm :

Author

-

Inputs
Matl
rl
cl
Maxrl
Maxr2
Maxcl
Maxc2

LI S S S I B B

OutPuts H
Mat2 -

Locals H
row -
col -

Coupling H
None.

SUBROUTINE MATTRANS
finds the transpose of a matrix.

Loop through tha Rows
Loop through the Cols
Switch the rows for columns

Capt Dave Vallado USAFA/DFAS 71

Matrix number 1

Actual number of rows in Matl
Actual number of cols in Matl
Maximum number of rows for Matl,
Haximum nusber of rows for Mat2,
Naximum number of cols for Matl,
Maximum number of cols for Mat2,

Matrix result of transpose Matl

Row counter for Mat2
Col counter for Mat2

9-472-410% 20 Sep 1990

the # declared in min
the # declared ir main
the ¢ declared iu main
the # declared in main

SUBROUTINE MatTrans ( Matl,rl,cl,Maxrl, Maxr2;Maxcl,Maxc2, Mat2 )
IMPLICIT NONB
INTEGER rl,cl, Maxrl, Maxr2, Maxcl, Maxc2
REAL*8 Matl(Maxrl,Maxcl), Mat2(Haxr2,Maxc2)

Locals
INTEGER Row,Col
Implementation
DO Row = 1,r)
DO Col = ),cl
Mat2(Col,Row) = Matl(Row,Col)
ENDDO
ENDDO
RETURN

END
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This subroutine decomposes a matrix in to an LU form.
MatInverse, MaxRow 1s set to 10,

Algorithm

Author

Inputs
Order

OutPuts
LU
Index
NaxRow

Locals
i
3
k
Imax
Scale
Sum
AMax
Dum
Small

Coupling
None.

References

SURBOUTINE LUDECOMP

Maj Tom Riggs USAFA/DFAS  719-472-4109
Capt Dave Vallado USAPA/DFAS 719-472-4109

Order of matrix

LU decomposition matrix
Index vector for pivoting
Maximum number of rows in the matricies

Index

Index

Index

Pivot row pointer
Scale factor vector
Temporary Variables
Temporary Variables
Temporary Variables
Tolerance

Numerical Recipss by Flannery

Note when used with
Also, Scalo is hardwired to 30.

27 Apr 1989
20 Sep 1990
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SUBROUTINE LUDeComp( LU,Index,Order,NaxRow )
IMPLICIT NONE
INTEGER MaxRow, Order
INTEGER Index(Order)
RBAL*8 LU(MaxRow,MaxRow)

Locals
INTEGER i, 3§, k, Imax
REAL*8 Small, Scale(30), Sum, AMax, Dus

Implementation
Small =
IMax =
DO I

0.000001
0

Order
6.0D0
1 , Order -
( DAbs{ LU({,J) ).GT.AMax ) THEN
AMax = DAbs( LU(i,]) )
ENDIP
ENDDO
IP (DABS(AMax).le.Saall) THEN .
Write(*,*) ' Singular Matrix '
ENDIF
Scale{i) = 1.0D0 / Adax
ENDDO

=1
AMax
PO J

LIRS

I

- p |
-
P
-

Sum = Sum - LU(i,k)*LU(k,])
ENDDO
LU(i,3) = Sum
DO

0.0D0
{1 =4, Order
Sum = LU(1,3)
pDoOk=1l,3-1
sum = Sum - LU(i,k)*LU(k,3)
ENDDO
Lu(i,g) = Sum
Dum = Scale(1l)*DAbs{Sum)
IF (Dum.ge,ANax) then
IMax = §
AMax = Dum
ENDIP
ENDDO
IF {(j.ne.imax) then
DO k = 1 , Order
Dum = LU{imax,X)
LU(irmax,k) = LU(],k )
LU{j,k}) = Dum
ENDDO
Scale(imax) = Scale(])
ENDIFP
Index(3) = Imax
IP (DAbs( LU(3,3) ).lt.Small) then
write(*,*) ' Matrix is S8ingular '
ENDIP
IF (j.ns.Order) then
Dum = 1.0D0 / LU(3,))
DO i =3+ 1, Order
LU(i,3) = Dum*LU(i,])

X

8E2

e uan

ENDDO
ENDIF
ENDDO
RETURN
END
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SURBOUTINX LUBkSUB

when this is used by NatInverse, MaxRow is set at 10.

Algorithm 3

Numerical Recipes by Flannery

*
*
*
®
*
*
%
*
4
*
*  Author : Maj Tom Riggs USAFA/DFAS 719-472-4109
* Capt Dave Vallado USAFA/DFAS 719-472-4109
*
*  Inputs :
* Order ~ Order of matrix
M * Ly - LU decomposition matrix
* Index ~ Index vector for plvoting
* MaxRow - Maximum number of rows in the matricies
* '
* OutPuts 1
. * B - Solution Vector
x
* Locals 3
* i - Index
* 3 - Index
* 10 ~ Pointer to non-sero element
* IPtr - Pivot Row Polnter
* Sum - Temporary Variables
*
* Coupling s
* None.
*
* References 3
*
*
*

This subroutine finds the inverse of a matrix using LU decomposition. Note,

28 Apr 1989
20 Sep 1990

SUBROUTINE LUBkSub( LU,Index,Order,B,MaxRow )
IMPLICIT NONE
INTEGER MaxRow, Order

INTEGER Index{Order)
' REAL*8 LU(MaxRow,HaxRow),B(NaxRow)

* Locals
INTEGER {,3.iptr,10
REAL*8 Sum

* Implementation
10 =0
DOy =1, Order

IPtr = Index(l)
Sum = B(IPtr)
B(Iptr) = B(i)
IF (1I0.ne.0) THEN
poj=10,14-1
Sum = Sum - LU(1,3)*B(3)
ENDDO
BLSE
IF (Sum.ne.0.0D0) THEN
I0=1
ENDIP
ENDIF
B(i)= Sum
- ENDDO

B(Order)= B(Order) / LU{Order,Order)

DO { = (Order - 1),1, =1
» Sum = B({)
DO jJ =1+ 1, Ordsr
Sum = Sum ~ LU(i,3)*B(J)
BNDDO
B(i)c Sum / LU(i,1)
ENDDO

RETURN
BND
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This subroutine
the MAXIMUM si

Algorithm :

Author :

Inputs
A

Order
MaxRow

OutPuts
Alnv

-

Locals
i

Index
LU
B

[ I I S I B4

Coupling
LUDecomp -
LUBKkSub -

o

References H
Numerical Reci

GURBOUTINE MATINVERSE

finds the inverse of a matrix using LU decomposition. Note
se matrix which may be inverted is a 10x10!!

Kaj Tom Riggs USAPA/DFAS  719-472-4109 28 Apr 1989
Capt Dave Vallado USAPA/DFAS 719-472-4109 22 Mar 1990

Matrix to invert
Order of matrix
Maximum number of rows for A, the # declared in main

Inverted matrix

Index

Index

Index vector for pivoting

LU decomposition matrix
Operational vector to form MatlInv

Finds LU decompisition of a matrix
Finds LU back substitute results for system

pes by Flannery

SUBROUTINE Ma

tinverse{ A,Order,MaxRow, AInv )

IMPLICIT NONE
INTEGER Order,MaxRow
REAL*8 A(MaxRow,MaxRow), AInv{MaxRow,MNaxRow)

INTEGER Max
PARAMETER (
INTEGER {,)
REAL*8 Lu(

Locals
R

HaxR = 10)
 Index{MaxR)
MaxR,KaxR),B(MaxR)

Doi=1,
Index(
Do j =

Implementation
Order

iy =1

1 , Order

LU(i,3) = agiLg)

ENDDO
ENDDO

CALL LUDeComp{ LU, Index, Order, MaxR )

=1,
Do i =
Ir

Order

1 , Order
(L.eq.3) THEN
B(i) = 1.0D0

ELSE

B(i) = 0.0D0

ENDIF

ENDDO

CALL LUBkSub( LU, Index, Order, B, MaxR )

DO i =
Aln
ENDDO

ENDDO

RETURN
END

1 , Order
v(i,3) = B{1)
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SUBROUTINE PRINTMAT

This subroutine prints a matrix. The user should be aware of trying to print
matricies with more than about 6 columns, Although the code will allow for
up to 10 columns as written, the editing specification may need to be
changed to 2 smaller value than the Fl2.7 to accomodate larger matricies.
You do NOT have to use all 10 spaces when printing a matrix.

Algorithm t Write out the title for the matrix
Loop through the rows and print out 1 row at a time
Author : Capt Dave Vallado USAFA/DPAS 719-472-4109 20 Sep 1590
Inputs ¢
Matrix - Matrix
Text - Text describing the name of the matrix

row -'Actual number of rows in Matrix
col ~ Actual number of cols in Matrix
MaxRow - Maximum number of rows for MNatrix, the # declared in main
MaxCol - Maximum number of cols for Matrix, the # declared in main
QutPuts i
None,
Locals H
ROwKtr - Row counter for Matrix
ColKtr - Col counter for Matrix
Coupling t
None.

SUBROUTINE PrintMatrix( Matrix,Text,Row,Col,MaxRow,MaxCol )
IMNPLICIT NONE
INTEGER MaxRow, MaxCol, Row, Col
REAL*8 Matrix(MaxRow,MaxCol)
CHARACTER*8 Text

Locals

INTEGER RowKtr, ColKtr

20

Implementation
Write(*,%) Text
DO RowKtr= 1 ,Row

Weite( *,20 ) (Matyrix(RowKtr,Colktr),ColXtrsl,Col)
ENDDO

FORMAT( 10(F12.7,1X) )

RETURN
END
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FUNCTION DETERMINANT

This function calcuates the determinant value using L-U decompisition.
The formula must have a NON-ZERO number in the 1,1 position. If the

function senses
WITH a NON-ZERO

a NON-ZERO number in row 1, it exchanges rowl for a row
number.

Algorithm 1
Author : Capt Dave Vallado USAFA/DFAS 719-472-4109 12 Aug 1988
Inputs s
Order - Order of determinaent (# of rows)
Matl - Matrix to f£ind determinant of
MaxRow - Maximum number of rows for Matrix, the # declared in main
OutPuts H
Determinant - Result
Locals H
i - Index
b] - Index
k - Index
Temp -
D -
Sum -
L -
u -
Small ~ Tolarance for comparing to 0.0
Coupling t
None.
References:
Marion pg. 168-172, 126-127
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REAL*8 FUNCTION DETERMINANT( Order,Matl,MaxRow )
IMPLICIT NONE
INTEGER Order, MaxRow
REAL%®8 Matl( MaxRow,MaxRow }

Locals
INTEGER MaxR

PARAMETER (MaxR = 10)

INTRGER 1,3,k

REAL*8 Temp,D,Sum,Small,L(MaxR,MaxR),U{MaxR, MaxR)

- Implementation
Small= 0.0000001R0
Sum = 0.0D0
---------------- Switch a non aero row to the first row -——-—--—e-—mv

IF ( DABS( Matl(l,l) ).LT.Small) THRN
=1

DO WHILE (j.LE.Order)
IF ( DABS( Matl(j,l) ).GT.Small) THEN
DO k=1,0rder
Temp= Matl(l, k)
Matl(l,k)= Natl(j,k)
Matl(j.k)= Temp
ENDDO
3= Order + 1
ENDIF
3= in
ENDDO
ENDIF

DO {= 1,0rder
L(i,1)= Matl(i,1)
ENDDO
DO j= 1,0rder
U(1,3)= Matl(l,3)/L(1,1)
ENDDO
DO j= 2,0rder
DO i= j,Order
Sum= 0.0D0
DO k= l'j‘l
Sum= SumtL(i,k)*U(k,])
ENDDO
L{i,J)= Hatl(l,j)- Sum
ENDDO
(3. = 1.0
IF (J.NE.Order) THRM
DO i= j+1,0rdex
Sum= 0.0D0
Do k= 1,3-1
Sum= SumtL(3,kI*U(k,1)
ENDDO
Ut i)= (Matd(3,1)-sum)/L(3,3)
ENDDO

ENDIF
ENDDO
D= 1,0D0
DO i= 1,0rder
D= D*L(i.,])
ENDDO
Determinant= D

RETURN
END
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" APPENDIX E
TEST CASES




Contents

- Misc Time Tests

- SITE-TRACK and RAZEL
- ELORB and RandV

- GIBBS

- HerrGIBBS

- FindCandS, NewtonR

- KEPLER

- GAUSS

- PKEPLER

- IJKtoLatLon, Sun, Moon,SunRiseSet
- RngAz, Path, ICBM

- Predict

- Interplanetary

- Rendezvous, Orbit Chng

- Reentry

- Hills

- GroundTrack

- Cowells

#'s indicate the answer is given in the reference cited

E-1

E-2

E-4

E-10
E-11
E-12
E-13
E-20
E-28
E-31
E-32
E-33
E-36
E-37
E-38
E-40
E-42
E-43




MISC TIME Test Cases

JULIANDAY and INVJULIANDAY:
REF: Escobal pg 18-21

Jb

2451544.5
2451179.5
2450814.4
2450449.5
2450083.5
2449718.5
2449353.5
2446988.5
2448622.5
2448257.5
2447892.5
24475217.5
2447161.5
2446796.5
2446431.5
2446066.5
2445700.5
2445335.5
2444970.5
2444605.5
2444239.5

Day Mon

1 Jan
Oct
1 Jan
Jan

1 Jan
31 Dec

1 Jan
1 Dec
Dac

Jul
Aug
Aug
Aug
Aug
Aug
Oct
Dec

e -
SN -

w
-

Jan
Jan
Jan
Jan
Jan
Jan
Jan
Jan
Jan
Jan
Jan

L ) Y D S

2 jan
2 oct

* Es-~obal pg. 18, 21

Year

2000
1999
1998
1997
1996
1995
1994
1993
1992
1991
1990
1989
1988
1987
1986
1985
1984
1983
1982
1981
1980

Ephemeris Values

[- - W -

(- -

Jan 1, O Hr

42 29.7644
30.1642
27,1354

39
40

39
40

39

21.7168
18,9168

14.7690

Date

Xr
1900
1962
1980
1988

1987
1987

1988
1988
1988

1989
1989
1989
1989
1989
1989
1989
1989

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

2000
2000

Hr Min Sec
0: 0: 0.0000
10:15:30.0000
0: 0: 0.0000
6148: 0,0000

0:
0:

03
0:

0s
0
0;

0.0000
0.0000

0:
0:
O:

0.0000
0.0000
0.0000

0:
0:

0s
0:
0: 0:

0.0000
0.0000
0.0000
14: 0; 0.0000
14:35: 0,0000
14:35159.9999
0: 0: 0.0000
0: 0: 0.0000

0: 0:
0:
0:
03
0:
0:
0:
0:
01
03
0:

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
+ 0.0000
0.0000
0.0000
0.0000

0.0000
0.0000

0:
0:

and 22

Mean

29,3590
30.0945
27.3655

22,7031
19,9310

15,2510

Julian Date

2415019.58000000
2437949.9274306
2444239.5000000
2446066.7633333

2446796.5000000
2447160.5000000

2447161.5000000
2447496.5000000
2447526.5000000

2447721.5000000
2447739.5000000
2447755.5000000
2447756.0833333
2447756.1076389
2447756.1083333
2447801,5000000
2447891.5000000

2447892,5000000
2448257.5000000
2448622,5000000
2448988.5000000
2449353.5000000
2449718.5000000
2450083.5000000
2450449.5000000
2450814.5000000
2451179.5000000
2451544.5000000

2451545.5000000
2451819.5000000

100.62232886
99.87539345
100.11410594

99.84459595
100.08304553

99.81354553

GST
Calculated

99.9677947
100.2065061
100.4452177
100.6839293

99.9369936
100.1757054
100.4144172
100.6531291

99.9061937
100.1449058
100.3836180
100.6223302

99.8753951
100.1142075
100.3528200
100.5915325

99.8445978
100.0833105
100.3220232
100.5607361

99.8138016

Longitude

-104.883000
298.221300
~104.883000
298.221300

~104.883000
~104.883000

-104.883000
0.000000
-104.883000

0.,000000
~104.683000
=104.883000
~104.6883000
~104.883000
=-104.883000
-104.6883000

0.000000

=104.083000
~104.,883000
~104.883000
-104.883000
-104.883000
-104.883000
-104.883000
-104.883000
-104.883000
~104.883000
~104.883000

-104.883000
-104.883000

-1

GST

99.1981398
174.3881886
99.8138016
202.8707893

100.1141075
98.8897478

99.8753951
79.0672619
99.6366828

291,8379187
309.5795713
325.3499291
175.9249077
184.6988634
184.9495474

10.6897079

99.3979706

100.3836180
100.1449058

99.9061937
100.6531291
100.4244172
100.1757054

99.9369936
100.6839293
100.4452177
100.2065061

99.9677947

100.9534420
11,0208203

LST

354.3151398
112.6091886
354.9308016
141.0920093

355,2311075
354.0067478

354.9923951
70.0672619
354.7536828

291.8379187
204.6965713
220.4669291
71.0419077
79.8158634
80.0665474
265.8067079
99.3979706

355.5006180
355.2619058
355.0231937
355.7701291
355.5314172
355.2927054
355.0539936
355.8009293
355.5622177
355.3235061
355.0847947

356.0704420
266.1378203



SITE-TRACK and RAZEL Test Cases

NOTICE the same data set is used for both SITE-TRACK tests and the RAZEL

test cases.

azimuth, elevation, and rate terms from the vectors.

*1. BMW Appendix D.1,1
Given:

39.0070 deg
-104.8830 deg
7180.0000 ft

317.0200
2 Day
Sep Month
1970 Year

Latitude
Longitude
Altitude

Find: i
RS 0.2045751
Vs 0.0441842

~-0.7510033
0.0120359

R
v

0.2790794
0.2634728

-0.7751794
-0.1492353

2. BMW Appendix D.1,2

37.8000 deg Latitude
-175.9000 deg Longitude
0.0000 ft Altitude

Universal Time

k
0.6262484
0.0000000

0.6374576
0.0519525

1905.1500 Universal Time
8 Day
Oct Month

1870 Year
RS = -0.4806057 C.6284402 0.6095710
Vs = -0.0369734 -0.0282758 0.0000000
R = -0.4691328 0.6521522 0.6485385
v = 0.0186569 ~0.3501725 -0.5639385

3. BMW Appendix D.1,3
29.8000 deg Latitude 1

-78.5000 deg Longitude

15.0000 £t Altlicude
2210.5750 Universal Time
27 Day

Cec Month

1970 Year
RS = 0.8558456 -0.1476259 0.4940560
Vs = 0.0086854 0.0503525 0.0000000
R = 1,0809849 -0.1864604 0.4319837
vV = 0.8084630 -1.2700249 1,5558259

504.68000 km

105.60000 deg
30.70000 deg
2.08000 km/s
0.05000 deg/s
0.07000 deg/s

magnitude
0.9990216

RAZEL is simply the inverse process of finding the range,

Range

Azimuth
Elevation
Range rate
Azimuth rate
Elevation rate

DU

0.0457942 DU/TU

1.0417008

DU

0.3072265 DU/TU

300.00000 km

315.00000 deg
45.00000 deg
~5.00000 km/3
~0.20000 deg/s
-0.30000 deg/s

0.9987471
0.0465462

1,0324680
0.6811410

510.00000 km

180.00000 deg
45.00000 deg
4.50000 km/s
0.50000 deg/s
0.53000 deg/s

0.9991779
0.0510961

1.1789426
2,1649873

Range

Azimuth
EBlevation
Range rate
Azlmuth rate
Elevation rate

Range

Azimuth
Rlevation
Range rate
Azimuth rate
Elevation rate

ke
*h

+x Tests combination of azimuth and elevation since Az=180 and El1=45
LA is the same as A2=0 and Bl = 135

1. oMW Appendix D.1,4

0.0000 deg Latitude 6378.16500 km Range

80,0401 deg Longitude 120.00000 deg Azimuth

0.0000 ft Alticude 90.00000 deg Elevation -
0.0000 Universal Time 0.00000 km/s Range rate

1 Day 0.00000 deg/s Azimuth rate
Jan Month -0.10000 deg/s Elevation rate
1970 Year
kS = -0.9999889 -0.0047078 0.0000000 1.,0000000 *
Vs = 0.0002770 -0.0588329 0.0000000 0.0588336
R = ~-1.9999822 -0.0094157 0.0000000 2,0000044
vV = 0.0062952 -1.3371525 -0.7040786 1.5112058

% Tests condition where satellite is directly overhead with small Del **
Tolerance check case for RAZEL

E-2




SITE-TRACK and RAZEL Test Caces

BMW Appendix D,1.5

( Continued )

Glven:
45.7000 deg Latitude 897.50000 km Range
72,9000 deg Longltude 201.70000 deg Azimuth
3610.0000 £t Altitude 76.70000 deg Elevation
1024.3000 Universal Time ~0.57000 km/s Range rate
15 Day -0.75000 deg/s Azimuth rate
Nov Month 0.48000 deg/s Rlevation rate
1970 Year
Find: i 3 k magnitude
RS = 0.1588097 -0.6814766 0.7122471 0.9984622 DU
VS = 0.0400937 0.0093433 0.0000000 0.0411680 DU/TU
R = 0.1737448 -0.7983634 0.7692482 1,1359526 DU
vV = 0.5975069 0.5823526 0.56294953 1.0451858 DU/TU

USAFA Astro 451 Problem ¢ 2

Glven:
77.0000 deg Latitude
-68.0000 deg Longltude
0.0000 ft Altitcude
1801.0000 Universal Time
1 Day
Feb Month
1979 Year
Find: i 3 k
RS = 0.2021307 -0.1003493 0.3709376
Vs = 0.0059049 0.011892%1 0.0000000
R = 3.6534009 ~1.2975403 5.1773391
v = -0.1535650 0.4116385 0.20+87313

USAFA Astro 321 Problem # 1

Given:
717.7000 deg Latitude
~66.5000 deg Longltude

164.0000 £t Alcitude

308.0000 Universal Time

10 Day

Jan Month

1980 Yoar
Find: i 3 k
£3 ¢ 0.0080091 0.2135659 0.9736205
Y5 = 0.0125648 0.0004712 0.0000000
K - 0.2824806 -0.0709120 1.3206178
vV = 0.7778328 -0.3392076 0.1526145

35533,92100 km
169.85700 deg

§1.88300 deg
=0,23720 km/s
-0,00355 dag/s

0.00433 deg/s

magnitude
0.9968182
0.01232769

6.4680590
0.4847696

3409.25300 km

37.6605C deg
31.10590 deg
-1.18340 kam/s
~0.12671 deg/s
0.02544 deg/s

magnitude
0,9960084
0,0125737

1.3523517
0.8621931

B-3

Range

Azimuth
Elevation
Range rate
Azimuth rate
Elevation rats

Range

Azimuth
Elevation
Rangs rate
Azlruth rate
Blevation rate




ELORB and RANDV Test Cases
Notice this data set may be used for both ELORB and RANDV tests.

*1, USAFA Astro 320 Handout Problem #1.1

i 3 k
R = 1.1372844 ~1.0534274 -0.8550194 1,7703625 DU
v = 0.6510489 0.4521008 0.0381088 0.7935440 DU/TU
p = 1.9199998
a = 1.9999997
e = 0.1999999
i = 29.9999997
Omega = 29.9999963
Argp = 219.99%9795
Nuo = 65.0000223
M = 45.5811951
J] = Undefined
L =  Undefinsd
Cappl = Undefined
bl Test of Elliptlcal Inclined Orbit Ll

*2, USAFA Astro 320 Handout Problem #1.2

R = 1.0561942 -0.8950922 -0.0823703 1.3869106
v = -0.5981066 -0.6293575 0.1468194 0.8805557
p = 1.4849799

a = 1.4999797

e = 0.1000000

i = 170.000000}

Omega = 299.9999875

Argp = 25.0000239

Nuo = 314.9999636

M = 322.6859034

u s Undefined

L = Undeflned

Cappl = Undefined
LA L Test of Elliptical Inclined Orbit whhy

t3, USAPA Astro 320 Handout Problem #1.3

R = ~0.42227117 1.0078857 0.7041832 1.3000100
v o= -0.5002738 -0.5415267 0.477° 788 0.8770547
p = }1.3000101

a = 1,3000101

e = 0.0000001

i = §3.0000C18

Omaga = 80,0000026

Argp = Undefined

Nuo = Undefined

M = 44.9999979

1] = 44.9999979

L = Undefined

Cappi = Undefined
LA Test of Circular Inclinad Orbit *hi

%4, USAFA Astro 320 Handout Problem #l.4

R = -0.7309361 -0.6794646 -0.8331183 1.3000099
V= -0.6724131 0.0341802 0.5620652 0.8770547
p = 1,3000100

a = 1.3000100

e = 0.0000001

i = 115,0002009

Omega = 200.0000000

Argp = Undefined

Ruo = Undefined

M = 315.0000000

u = 315.0000000

L = Undefined

Cappi = Undaflned

LR L Test of Circular Inclined Orbit whae




*5.

*7.

*8.

USAFA

o oo

i
Omega
Argp
Nuo
M

U

L
Cappa

AXKK

USAFPR

<z
nou

-0 o0

-0 DT

Omega

Argp
Nuo

Cappl

L2 3 2

USAFA

<X
[

- 2T

Omega

Argp
Nuo

L
Cappl

THNREK

ELORB and RANDV Test Cases
Astro 320 Handout Problem #1.5

~3.5651640 -3.5651640 0.0000000 §.0419033
0.3143612 -0.2555279 0.0000000 0.4051141

4.1280004
4.3000002
0.1999999
0.0000000
uUndef ined
Undef ined
204.9999984
216.1768671

LIS I T I+ I E I | I 1

Undefined
Undef ined
20.0000016

Test of Ellliptical Equatorial Orbit L
Astro 320 Handout Probiem #l.6

4.4279958 0.3873994 -0.0000000 4.4445100
0.0842152 -0.4585911 0.0000000 0.4662596

4.2570599
4.3000605
0.1000000
180.000n000
Undef ined
Undefined
115,0000235
104.2906454

tndef ined
Undefined
239.9999770

Test of Elliptical Equatorial Orbit L]
Astro 320 Handout Problem #1.7

0.9720220 2,00845079 0.0000000 2.,3000000
-0.5976017 0.2786662 0.0000000 0.6593805

2.3000002
2.3000002
0.0000001
0.0000000
Undefined
Undefined
Undeflned
64.9999999

non oo N

"N

Undefined
64.9999999
Undefined

wonu

Tost of Clrcular Bquatorial Orbit LA
Astro 320 Handout Problem §1.8

~0.2004582 2.2912478 ~0.0000000 2.3000000
0.6568713 0.0574688 -0,0000000 0.6593804

2.2999998
2.2999998
0.0000001
180.,0000000
Undefined
Undefined
Undefined
265.0000002

Undefined
265.0000002
Undefined

LU (]

Test of Clrcular Bquatorial Orbit LLA L




*4, USAFA

x*hkk

A

ELORB and RANDV Test Cases
stro 320 Handout Problem $1.9

0.5916109 -1.2889359 -0.3738343 1.4666667
1.1486347 -0.0808249 ~0.1942733 1.1677465

2.2000003
Infinity
1.0000002
15.0000008
35.0000066
199.9999965
59.9999980
323,8301540

Undefined
Undefined
Undefined

Test of Parabolic Inclined Orbit LAl i

*10. USAFA Astro 320 Handout Problem $1,.10

- T <2

Omega
Argp

Nuo
M

u

L
Cappi

rRRN

~1.0343646 -0.4814891 0.1735524 1.1540634
0.1322278 0.7785322 1.05328%6 1.3164373

2.2000602
Infinity
1.0000001
120.0000012
210.0000011
34.9999971
335,0000053
313,2492351

Undefined
Undefined
Undefinad

Test of Parabolic Inclined Orbit LhA L

*11. USAFA Astro 320 Handout Problem #l.1l

L
Cappl

kkkN

nme o b n

0o

0.9163503 €.7005747 -1.29095623 1.8070286
0,1712704 1.1036199 -0.36810377 1.1800424

2.4150303
-3.5000428
1.3000001
55.0000008
94.9999992
215,0000065
74.9999925
12.1085408

Undefined
Undefined
Undefined

Tast of Hyperbolic Inclined Orbit b

%12, USAFA Astro 320 Handout Problem $1.12

<™

-0 W

omega

Argp
Nuo

Cappi

1824

LU U I L O [ T 2 [}

noun

12.3160223 ~-7.0604653 ~3.7883759 14.6930721

-0.5902725 0.2165037 0.1528339 0.6494693
2.4151907
-3.5002757
1.3000001

165.0000006
235.0000236

35.0000182
230.0000046
170,1406418

Undefined
Undefined
Undefined

Test of Hyperbolic Inclined Orbit LALA




*1. USAFA

[T 1

-o 9T

Omega
Argp

Nuo

M

i}

L

Cappi

xkkX
*2, USAFA

R

-0 T

Omaga

Argp
Nuo

Cappl

whkk

*3. USAFA

<=

-0 DT

omega

Argp
Nuo

Cappi

kkkk

a
3.

USAFA

o

<

- O T

Omega

Argp
Nuo

Cappl

XHKX

ELORB and RANDY Test Cases
Astro 320 Handout Problem #l.1 Final

-0.4611020
-0.1816190

-0.8344110
-0.3656480

-0.4395790
0.8860850

1.048999%1
1.0450002
0.0009%97
28.5000027
357.9999498
26.9945554
220.0054919
220.0791812

Undefined
Undefined
Undefined

B0

Example of a shuttle orbit
Astro 320 Handout Problem $l1.2 Final

0.5407000
0.8327940

0.5236950
-0.2688680

0.7764100
~0.3986130

1.0814006
1,0814006
0.0000008
90.0000093
33,9999974
Undefined
Undefined
30,0000075

[T U I (I (I LI T I 1)

30.0000075
Undefined
Undefined

Example Polar orbit, survelllance

Astro 320 Handout Problem ¢1.3 Final

0.6458080
-0.4294930

-3.9752320
-0.0050220

-~1.0966930
=0.2347100

4.1739975
4.1739975
0.0000009
62.9999994
20.0000073
Undefined
Undeflned
170.0000023

LU LI (O T I [ I [l 1}

170.0000023
Undefined
Undefined

LN TR 1]

Sample of a GPS orbit

Astro 320 Handout Problem $l.4 Pinal
56.2767910 -45.0649980 -31.1585420
~0.3494800 0.2659280 0.1972370

4.8275047
-4.8344217
1.413707¢6

146.5000870
279.9998432

86.9995231
228,3303462
101.5948009

Undefined
Undetfined
Undefined

Sample Comet orbit

E7

1.0498031
0.9756180

[ 1234

1.0813998
0.9616279

*ARA

4.1739996
0.4894673

Rk

80.3005354
0.4824108

ArAn




x5,

*1,

2.

USAFA

non

<>
" u

Rk %

USAFA

R
v

- N

Omaga
Argp
Nuo
M

U
L
Cappi

A

[UR I I LR I TR I )

"o on

A

n u u

ELORE and RANDV Test Cases

stro 320 Handout Problem #1,5 Final

0.0858850 0.0601370 1.1983940 1.2029717
-0.5553150 ~0.3888360 0.1058350 0.6861263

0.6781607
0.8390808
0.4379285
50.0000140
35.0000152
269.9999740
175.0000189
168.5231854

Undefined
Undefined
U " Sined

Sample ICBM trajectory LA bl

stro 320 Handout Problem #1.6 Final

4.6744710 ~4.6744710 0.0000900 6.6107003
0.2750180 0.2750180 0.0000000 0.3889342

6.6106958
6.6106958
0.0000007
0.0000000
Undefined
Undefined
Undefined
315.0000000

Undefined
315.0000000
Undefined

Sample Communlication or Early Warning Satellite ####

Astro 320 Handout Problem #1.6 variation

R L L I L O T T [

Honu

-2.5494956 3.6410571 ~0,0000000 4.4449100
0.3550439 0.3022281 ~0.0000000 0.4662596

4.2570597
4.3000604
0.1000001
180.0000000
Undefined
Undefined
115.0000153
104.2906221

Undefined
Undefined
119.9999850

BMW orbit #1 pg. 65

=
H M

LU S B (T U U T S 1

o nn

1.0606602 1.0606602 -0,0000000 1.5000000
0.4618802 ~0.6928203 0.0000000 0.8326664

1.5000000
1.5625000
0.2000000
18C.0000000
Undefined
Undefined
269.9999886
292.7645813

Undefined
Undefined
45.0000114

** Note that 1 In BMW is redundant for this case 1t




Misc ELORB and RANDV Test Cases

3. BMW orbit #2 pg. 66
‘ 0.0000000 -1.2353675 1.2353675 1.7470735

R =

v = 0.0000000 0.5773503 0.4140510 0.7104728
P = 1.5000002
& = 1.5625001
] = 0.1999599
i = 90.0000000
Omega = 270.0000000
Argp = 179.9999769
Nuo = 225.0000231
M = 243.0447589
1] = Undefined
L = Undefined
Cappl = Undefined

*+ Note that u and 1 in BMW are redundant for this case **

4. BMW ocbit #3 py. 67

R = 0.3750000 0.6495191 ~-1,2990381 1.5000000
v = -0.7071068 0.4082483 ~0.0000000 0,8164966
p = 1.500000})
a = 1,5000001
e = 0,0000001
i = 59,9999985
Omega = 150,0000001
Argp = Undeflned
Nuo = Undeflned
M = 270.0000009
u = 270,0000009
L = Undetined
Cappi = Undefined
** Note that 1 is redundant for thls case **
‘ 5. USAFA Astro 320 Handout Problem 41.1 Extra
R = ~1,1000000 0.0000000 0.0000000 1.1000000
v = ~-0.0045379 0.010000L 0.0000001 0.0109815
p = 0.0001210
a = 0.5500365
e = 0.9998900
i = 180.0000000
Omega = Undefined
Argp = Undeflned
Nuo = 179.9971397
M = 179,2286881
u = Undefined
L = Undefined
Cappi = 0.0028603

tsx%  Tgst the accuracy of tolerances in program #tss

- 6. USAFA Astro 320 Handout Problem #1.2 Bxtra

R = 0.0228098 -0.1302512 0,9943682 1.0031220

v = -0.0110796 0.0678955 ~-0.4985516 0,5032755
- p = 0.0000068

a = 0.5745511

e = 0.9999941

i = 87.6756823

Omega = 262,1614208

Argp = 262.713508%

Nuo = 180.0750475

M = 259.9215100

U = Undefined

L = Undefined

Cappi = Undefined

gk Test of Rectilinear Ellipse Orbit LALL)

E-9




*1.

*2.

O

ii.

GIBES Test Cases

BMW example pg. 115

Given:

i b} k
RL = 0.000000 0.000000 1.000000
R2 = 0.000000 -0.700000 -0.800000
R3 = 0.000000 0.900000 0.500000

BMW pg. 146 problem 2.13a

Rl
R2
R3

BMW
Rl

R2
R3

BMW
Rl

R2
R3

BMW
Rl
R2
R3
BMW
Rl
R2
R3
BMW
R}

R2
R3

11
BMW
Rl

R2
R3

= 1.414225 0.000000 1.414202
= 1.810657 1.060669 " 0,310651
= 1,353540 1.414225 -0.646450

pg. 147 problem 2.13b
= 0.707113 0.000000 0,70710%1
= -0.894979 0.565681 -0,949642
& -0,094979 -0.565681 -0.894977
Vectors are not coplanar #t%
pg. 147 problem 2,13c

1.000000 0.000000 0.000000

-0.800000 0.600000 0.000000
0.800000 -0.600000 0.000000

pg. 147 problem 2,138

0.207096 3.535528 1,20712%
0.914201 4.949742 1.942347
1.621305 6.363955 2,621344

nnn

pg. 147 problem 2.13e

1.000000 0.000000 0.000000
0.000000 1.000000 0.000000
-1.000000 0.000000 0,000000

pg. 147 problem 2,13¢

7.000000 2.000000 0,000000
1.000000 1.000000 0.000000
2.000000 7.000000 0.000000

o an

Orbit is not possible 2#¢
pg. 147 problem 2.139
0.000000 2.700000 0.000000

2.970000 0.000000 0.000000
~2.,970000 0.000000 0.000000

USAFA Astro 451 Problem $3

Rl
R2
R3

= 0.000000 1.100000 0,000000
= -1,212992 -2.057288 1.212992
= 0.000000 -3.300000 0,000000

USAFA Astro 321 Problsm $2

Rl
R2
R3

Rl
R2
R3

kax

0.000000 1,200000 0.000000
=1.212992 -2.157288 1,212992
0.000000 -3.400000 0,000000

1,200000 0.000000 0.000000
-0.800000 0.000000 0,300122
0.600000 0.900000 ©.000000

B

Vectors are not coplanar **t

DU
DU
Dby

DU
U
i)

Pind:

ve =

v2

v2

V2

v2

v2 =

V2 =

v2

ve =

ve =

ve =

£-10

i 3

6.0000000 0.6936701 -0.6567445 0.9596101 DU\TU

160.2405290

-0.0912544 0.3128428
45.0000138

0.0000000 0.0000000

~0.6000000 -0.8000000
180.0000000

0.2509289 0.5018595
7.0617969

-1.0000000 0.,0000000
90,0000000

0.0000000 0.0000000

0.0580259 -0.5802589%
180.0000000

0.1475475 -0.4985584
140.1776177

0.1752110 -0.4974362
142.6525475

0.0000000 0.00000C0
0.0000000

k magnitude

~0.5336687

0.0000000

0.0000000

0.2475890

0.0000000

0.0000000

0.0000000

~0.1475475

-0.1607665

0.0000000

0.6253001

0.0000000

1.0000000

0.6132932

1.0000000

0.0000000

0.5831529

0.5404637

0.5513507

0.0000000




*).

*2.

*3.

4,

*5.

HERRICK-GIBBS Test Cases

USAFA Astro 451 Problem #3
Given: i 3 k Univ Time Find:
0.000000 1,100000 0.000000 DU 1201.00000

~1.212992 -2,057288 1.212992 DU 1309,55480 V2
0.000000 -3,300000 0.000000 DU 1418.50960

Rl
R2
R3

** Angles are too far apart **

USAFA Astro 321 Problem #2

Rl = 0,000000 1.200000 0,000000 1133,00000
R2 = -1,212992 ~-2,157288 1.112992 1241,.55450 V2
R3 = 0.000000 ~3,400000 0.000000 1349.50900

** Angles are too far apart **

USAFA Astro 321 Problem #1 Fall 83

RL = 0.53618414 0.94382196 0.43658524 0.000000
R2 = 0.519570%4 0.95496111 0.43247339 0.169917 v2
R3 = 0,50281293 0.96583641 0.42824155 0.339865

USAFA Astro 321 Problem #2 Fall 88

RI = 0.53618414 0.94382196 0.43658524 0.000000

R2 = 0.46030868 0.99185440 0.41714307 1.164760 V2

R3 = 0.38176536 1.03437523 0.39533848 2.330378
USAFA Astro 321 Problem #3 Fall 88

Rl = 0.53618414 0.94382196 0,43658524 0.000000

R2 = -1,04241241 0.71031097 ~0.25535014 27.197046 V2

R3 = -0.65533617 -1,15356018 -0,53360418 62.369619

Rl = 0.207096 3.535528 1,207125 3.7417

R2 = 0,914201 4.949742 1.942347 5.3952 v2

R3 = 1.621305 6.363955 2.621344 7.0711

Rl = 1,200000 0.000000 0.000000 0.0000

R2 = -0.,800000 0.000000 0.800122 1000.0000 v2

R3 = 0.000000 0.900000 0.000000 2000.0000

%% Ygctors are not coplanar *##

"

~-0.0000000 -0.8214425
140.1776177

0.0038602 -0.7776137
142.6525475

-0.7922407 0.5226298
1.0000002

~-0.8148447 0.4778570
4.5000004

-0.5086478 -0.5539836
90.0000004

6.5998156 13,1992165
7.0617969

0.0000000 0.0000000
0.0000000

0.0000000

-0.0035420

-~0.1980809

-0.2176481

-0.3345728

6.6074758

0.0000000

magnitu

0.82144

0.77763

0.96954

0.96937

0.82314

16.16856

0.00000



PindCands:

4

-39.47842
0.00000
0.57483

39.47842
§0.00000

NewtonR:

Eccentricity
* 0.04844

0.00000
0.49900
0.50000
0,51110
0.99900
1.00000

0.00000
0.49900
0.50000
0.51110
0.99900
1.00000

* (Roy pg 85)

REF: BMW chart on pg. 209

c

§.83559577
0.50000000
0.47650300
0.00000000
0.00589304

(VP

S

0.97444596
0.16666667
0.16194146
0.02533029
0.01799504

T e e c————a

REF: BMW chart on pg. 221

Mean Anomaly deg

(4t

Eccentric Anomaly deg Trus Anomaly deg

151.7425 153.002000 154,236000
90.0000 90.000000 90.000000
90.0000 115.751233 140.098510
90.0000 115.793623 140,177613
90.0000 116.261345 141.049998
90.0000 132,321144 178.867518
90,0000 132,346459% 180.000000

270.0000 270.000000 270,000000

270.0000 244.2487¢7 219.901490

270.0000 244.208377 219,.822387

270.0000 243.738655 218.950002

270.0000 227.678856 181.132482

270.0000 227.653541 180.000000
2

z
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°

&

o
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9 |

s 4 ;

:r &/ -
" E
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: i
0 Aot L i
0 T er

Eccentric onomaly |, €

E-12
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KEPLER Test Cases

BMW example problem pg. 210

Ro = 1,0000000 0.0000000 0.0000000 1.0000000

Vo = 0.0000000 0.0000000 1,1000000 1,1000000

Dt = 2.00000 TU

R = -0,3206670 0.0000000 1,2364349 1.2773404

v = -0.8799766 -0.0000000 ~0.0373113 0.8807672

R = -0.3187509 -0.0000000 1.2367231 1,2771398

v = ~-0.8801728 0.0000000 -0.0359836 0.8809082
Iterations:

tn dt xn c s
1.58000 1.70506 1,22178 1.82140 0.15098 0.42304
1.82140 2.00684 1.27860 1,81605 0.14614 0.39990
1.81605 2.00000 1.27734 1,81605 0.14625 0.40044
Two~Body Two-Body New Perturbed New

p = 1.210000 1,2099960 1,2100000

a = 1.266000 1,2658188 1.2658228

[ = 0.210000 0.2100003 0,2100000

i = 90.000000 90,0000000 90.0000000

Omega = 0.000000 0.0000000 0.0000000

Argp = 0.000000 359.9990766 359.9554007

Nu = 0.000000 104,5401464 104.4973687

M = 0.000000 80.4633328 80.4188239

U = Undefined Undefined Undefined

L = Undefined Undefined Undefined

Capp! = Undefined Undefined Undefined

BMW Appendix D.3,1

Ro = 0.0000000 1.0000000 0.0000000 1.0000000

Vo = 0.0000000 0.0000000 1.0000000 1.,0000000

pt = 3.14159 TU

R = 0.0000000 -1.0000000 0.0000000 1,0000000

v = -0.0000000 -0.0000000 ~1,0000600 1,0000000
3,04734 3,04734 1,00000 3.,14159 0.10436 0.21489
3.14189 3.14159 1.00000 3.14159 0.10132 0.20264

p = 1,0000000 1.0000000

a = 1.0000000 1,0000000

@ = 0,0000000 0.0000000

} = 90,0000000 90.,0000000

omega = 90.0000000 50.0000000

htgp = Undeflned Undefinsd

Nu = {Undefined Undetined

M = 0.0000000 179.9999998

1] = 0.,0000000 179.9999998

L = Undeflned Undefined

cappl = Undefined Undefined

** Tasts first guess bheing too close #*

1.97216
2.62083
2.60545

9.28631
9.86960



*3,

KEPLER Test Cases ( Continued )

BMW Appendix D.3,2
Ro = 0,0000000

Vo = 0.0000000

Dt = 1000000,00000 TU
R = 0,0000000

v = 0.0000000

0.0000000
2.0000000

~0.5000000
0.0000000

181.7065561 16508.1362596 1650

0.0000606

0.0110064

1 181.6040) 998308.06507 16490.50885 181.70661 0.1
2 181.70661 1000000,95604 16509.14678 181.70656¢ 0.l
3 181.70656 1000000.00000 16509.13626 181.70656 0.1

1.0000000
Infinity
1.0000000
$0,0000000
90.0000000
270.0000000
179.3693656
0.0000000

Undefined
Undefined
Undefined

&= W N -

P = 1.0000000
a = Infinity
e = 1,0000000
i = 90.0000000
Omega = 90.0000000
Argp = 270.0000000
Nu = 0.0000000
M = 0.0000000
u = Undefined
L = Undefined
Cappi = Undeflined

0.5000000
2.0000000

9.1362596
0.0110066

6667 0.50000 0.00000
6667 0.50000 0.00000
6567 0.50000 0.00000

** Tests first guess for a parabolic case **

BMW Appendix D.3,3

Ro = 0.3000000
Vo = 3.0000000
Dt = 5.00009 TU
R = 13.9623306
v = 2,6781140
1.07476 4.70954
1.09680 5.00844
1.09620 5.00002
1.09620 5.00000
p = 9.0000000
a = ~0.1411563
e = 8,0473056
i = 180,0000000
Omega = Undeflnad
Argp = Undeflned
Nu = 18.7455592
M = 120,4376913
U = Undefined
L = Undefined
Cappl = 267.9536850

1.0000000
0.0000000

~0.1172043
-0.2375952

13.17760
13.97719
13.95466
13.95462

0.0000000
0.0000000

0.0000000 1
0.0000000

1.09680 0.24966
1.09620 0.25380
1.09620 0.25369
1,09620 0.25369

9.0209898
-0.1411331
9.0571895
180.0000000
Undefined
Undefined
92,5176401
123,2503893

Undefined
Undefined
267.9633079

1.0440307
3.0000000

3.9628225
2.6886328

0.94757
0.97132
0.97065
0.97066

~8,18323
-8.52232
~-8.51295
~-6.51293
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KEPLER Test Cases

BMW Appendix D.3,4
Ro = 0.5000000

Vo = 0.0000000

Dt = =-20.00000 TU

R = 0.0401556

v = -0.2291452

R = -0.0345322

v = ~0.226984%

Iterations:

X tn
-4.27355 -3.33825
-5.13271  -4.97455
~-5.06579 -4,84241
~-5.06583 -4.84248

Two-Body
p = 0.507500
a = 1,133000
e = 0.743051
i = 85.975300
Omega = 50.710600
Argp = 263.200600
Nu = 139.853500
M s 0.000000
u = Undeflned
L = Undefined
Capp: = Undefined

( Continued )

0.7000000 0.8000000 1.1747340
0.1000000 0.9000000 0.9055385
0.2664818 1,9566242 1.9750958
~0.2755040 0.0410620 0.3606883
0.1776451 1.9665741 1,9748833
-0.2802384 0.0122192 0.3608393
dt xn c s
1.75082 -5.13271 0.07389 0.10191
1.97359 ~5.06579 0.05188 0.03832
1.97510 -5,06583 0.05342 0.04210
1,97510 -5.06583 0.05342 0.04210
Two-Body New Perturbed New
0,.5075000 0.5075000
1,1331277 1.1331277
0.7430509 0.7430509
85.9753157 £5.9753157
50.7105931 51,1301413
263,2005657 266,1157703
180.0632823 180.4983038
180,2872918 182,2620600
Undef ined Undefined
Undefined Undefined
Undefined Undefined

2
16.11755
23,24957
22,64727
22.64758

*+ Tosts elliptlcal orbit with multi-revs, and backwards propogation **

BMW Appendix D.3,5
Ro = 0.0259170
Vo = 0.0003610
bt = 1.50000 TU
R = 0.0085365
v = 0.0412043
R = 0.1795636
v = -0.0502841
2.61073 1.37264
3.10763 1,43116
3.39110 1.52675
3.32990 1.50137
3.32642 1.50000
Two-Body
p s 0.000010
a = 0.575000
e = 0.9999%4
i = 87.675500
Omega = 262.160300
Argp = 262,.713600
Nu s 179.999700
H = 179.668730
u = Undetined
L = Undetined
Cappl = Undefined

-9.1506890
0.0019740

-0.0529998
~-0.2434089

0.3559402
-0.0990878

0.02563
0.24285
0.43715
0.39261
0.39010

Two-Body New

0.0000068
0.5745364
0.9999941
87.6755397
262.1602976
262,7135482
179.7256034
17.0114300

Undefined
Undet ined
Undefined

1.1388760
0.0021770

0.3863987
1.0235400

1.0177988
=0.2771914

1.1490962
0.0029608

0.3901086
1.840174%

1.0930923
0.2986335

3.10763
3.39110
3.32990
3.32642
3.32641

0.09159
0.07137
0.06081
0.06301
0.06314

0.16476
0.09370
0.06177
0.06808
0.06845

Perturbad New

0.0000068
0.5745510
0.9999941
07.6755397
57.2818408
248.6861358
160.0445212
49.8512900

Undefined
Undefined
Undstined

11.86306
16.80859
20.01489
19.29898
19.25860

*+ Tests rectilinear ellipse and x larger than TwoPl square root of a **
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KEPLER Test Cases

{ Continued )

BEMW Appendix D.3,6
Ro = -0.5000000
Vo = 0,000u000
Dt = 1000,00000 TU
R = 152.6766761
v = 0.0950524

3.89900 12,50289
15.70138 620.70914
19.03611 1076.59133
18.55895 1001.67034
18.54807 1000.00086
18.54807 1000.00000
p = 0.9990003
a = 250,0625156
e = 0.9980005
i = 180.0000000
Omega = Undefined
Argp = Undefined
Nu = 0.0000000
M = 0.0000000
U =  Undefined
L = Undefined
Cappi = 180.0000000

0,0000000 0.0000000 0.5000000
1.9990000 0.0000000 1.9990000
14.5709289 0.0000000 153.3703993
0.0025250 0.0000000 0.0950859
8.43757 15.70138 0.16613 0.49734
113,73956 19.03611 0.15864 0.46025
160,51588 18,55895 0.15500 0,44246
153,52879 18,54807 0.15556 0.44518
153,37048 18.54807 0.15557 0.44524
153.37040 18.54807 0.15557 0.44524
0.9990002
250,0625156
0.9980008
180.0000000
Undet ined
Undefined
174.5484021
14,4893779
Undefined
Undefined
180.0000000

** Tests x larger than TwoPl square root of a **

Kaplan
Ro = 1.5679000
Vo = 0.0000000
Dt = 13.38600 TV
R = -4.8259941
v = -0.4571857
Iterations:
X tn
=-2.27833 -5,83264
1,91337 4,33083
4.37762 23,80414
3.62047 15.03431
3.44857  13,.45554
3.44065 13,38614
3.44064 13.38600
p = 3.3205108
3 = -12.6840963
e = 1.1236115
i = 0.0000000
Omega = Undefined
Argp =  Undefined
Nu = 0.0009000
M = 0.0000000
U = Undefined
L =  Undefined
Cappi = 0.0000000

example problem pg. 307

0.,0000000
1.1638000

7.3013686 -
0.3135849 -

at X
4.58493 1.9
3.674862 4.3

13.75970 3.6
9.58837 3.4
8.78785 3.4
$.75223 3.4
8.7521% 3.4

3,3296116
-12,6840731
1.1236117
0.0000000
Undefined
Undefined
123,4635459
16.9779406

Undefined
Undefined
0,0000076

0.0000000 1.5679000
0.0000000 1.1638000
0.0000000 8.7521542
0.0000000 0.5543953
n c s

1337  0.1701%  0.51729
7762 0.16%09 0.51214
2047 0,17972 0.56621
4857 0.17549  0.54457
4065 0.17466 0.54031
4064 0.17462 0.54012
4064 0.17462 0.54012

I

Tests Hyperbolic first guess

E-16

0.06395
0.98589
1.44913
1.37739
1.37578
1.37578

2
-0.40924
-0.,28863
-1,51083
=~1.03341
-0.93760
~0,93330
-0.93329




*g,

SNOVLD B W N

*10.

aa W N e

KEPLER Test Cases

{ Continued )

BMW problem pg. 224 #4.9

Ro = 0.0000000 1.1000000 0.0000000 1.1000000

Vo = 1.4142140 0.0000000 0.0000000 1.41421¢0

Dt = 2,22000 TU

R = 2,4048811 0.0125729 0.0000000 2,4049140

v o= 0.7747505 -~0.6428154 -0.0000000 1.0067025

-2.92864 -8.65183 6.95066 ~1.36450 0.18016 0,56845 -1,55945

-1.36450 -2,01771 2,24898 0.51978 0.1695) 0,51427 -0,338S2
0.51978 0.59992 1.26277 1.80274 0.16708 0,.50205 -~0,04912
1.80274 3,18987 3.14786 1.49464 0.17166 0,.5251%r -0.59089
1.49464 2.32559 2.48636 1.45217 0.17008 0,51715 -0,.40617
1.45217 2,22171 2.40623 1.45146 0.1698% 0,51618 -0.38342
1.45146 2,22000 2,40491 1.45246 0.16989 0,51617 -0.38305

p = 2,4200015 2.4200016

a = -5.4999626 -5.4999621

e = 1,2000014 1.2000014

i = 180.0000000 160.0000000

Omega = Undefined Undefined

Argp = Undefined Undefined

Nu = 0.0000000 89.7004544

N = 0.0000000 9.8613428

u = Undeflined Undetinsd

L = Undefined Undefined

Cappi = 270,0000000 270.0000017
BMW problem pg. 225 #4.18

Ro = 0.2000000 0.0000000 0.0000000 0.2000000

Vo = 3.1622770 0.0000000 0.0000000 3.162270

Dt = 219.60000 TU

R = 60.1009021 0.0000000 0,0000000 60.100902)

v = 0.1824184 0.0000000 0.000000C 0.1824184

10,9447 258.57402 67.01540 10.36314 0,16667 0.50000 0.00000

10.36314 221.52504 60.45160 10.33130 0,16667 0.50000 0.00000

10.33130 219,.60557 60.10196 10,3312Y 0,16667 0.50000 0.00000

10,3312 219.60000 60.10095 10,3312} 0,16667 0,50000 90.00000

2,42000 -5.500 1,200001 180.0000 0.0000 0.00C0 0.0000

2,42000 ~-5.500 1,20000) 180.0000 0,0000 0,0000 0.0000

0.0000
0.0000
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A423

Ro
Vo
bt

e W <™

Omega

Argp
Nu

L
Cappl
A423

Ro
Vo

<>
un

-0 T

Omega

Argp
Nu

Capp!

A423

Ro
Vo
Dt

Hounou

<=

KEPLER Test Cases

Skills Test #1

1.6118775
-0.4250056
214.17654 TU

1.8809513
0.4770905

2,3437501
2,5000000
0.2500000
24.9999999
135.0000010
79.9999986
198.8108615
209.9999997

E I I I L L I (I ¢

Undefined
Undef ined
Undefined

Skills Test #2

2.7551415
0.1728093
214.17654 TU

-1,2456159
0.4524628

2.3437501
2,5000000
0.2500000
0.0000000
Undefined
Undefined
198,8108623
210.0000011

LI TR T I (S LI L ]

Undefined
Undefined
134.2999987

Skills Test #3

-2.3828847
0.0296261
214.17654 TU

1.5826718
-0.4506182

2.5000000
2.5000000
0.0000000
25.0000000
134.9999996
Undefinad
Undefined
45.0000003

H ot

45.0000003
Undefined
Undefined

2.2769723 -
0.2604223

-1.6342999 -
0.3231269 -

2.3437501
2.5000000
0.2500000
24.9999999
134.1600458
81.4260368
103.9177230
75.099365%

Undefined
Undefined
Undefined

-1.3550490
0.4706713

-2,1633243
-0.4432404

2,3437501
2,5000000
0.2500000
0.0000000
Undefined
Undetined
104.1491546
75.3374320

Undefined
Undefined
135.9180301

0.1171153
~0.6028275

1.6215515 -
0.4437419

2.5000000
2.,5000000
0.0090000
25.0000000
134,268003)
Undefined
Undefined
271.2927914

271.2927914
Undefined
Undetined

( Continued )

1.20822676
0.0542680

0.0981493
0.2645644

0.0000000
0.0000000

0.0000000
0.0000000

0.7470906
0.1890006

1.0562767
0.0060304

E- 18

3.0703359
0.5013926

2.4937015
0.6340510

3.0703359
0,5013926

2.4963035
0.6333914

2.5000000
0.6324585

2.5000000
0.6324555




KEPLER Test Cazes { Continued )

14. A423 Skills Test #4

Ro = -1.7677670 1,7677670 0.0000000 2,5000000
Vo = -0.4472136 -0.4472136 0,0000000 0.6324555
Dt = 214.17654 TU

R = 2.4995703 0.0463477 0.0000000 2,5000000
v = ~-0,0117251 0.6323468 0.0000000 0.6324555
P = 2.5000000 2,5000000

a = 2.5000000 2.5000000

e = 0.0000000 0.0000000

i = 0,0000000 0.0000000

Omega = Undefined Undefined

Argp = Undefined Undefined

Nu = Undefined Undefined

M = 135.0006900 1.0622709

U = Undefined Undetined

L = 135,0000000 1.0622709

Cappl = Undefined Undefined




GAUSS Test Cases

*1. BMW Appendix D.4,1 and pg.275 5.1la

Rl = 0.5000000 0.6000000 0,7000000 1.0488088
R2 = 0.0000000 -1.0000000 0.0000000 1.0000000
Delta time = 20.0000009 TU Long Way
Vi2 = -0.1229814 1.1921622 -0.1721740 1,2107927
V22 = 0.6698699 0.4804848 0.9378179 1.2486368
Iterations:
¢ Z y X tn vara  upper lower
0 0.00000 2.99624 2.44795 1.28525 -0.670 39.47842 0.00000
1 19.73921 1.47495 4.79505 5.98349 -0.670 39.47842 19.73921 R
2 29,6088 1.18407 10.24734 40.59459 -0.670 29.60881 19.73921
3 24.67401  1.29916 6.54703 12,82559 -0.670 29.60881 24.67401
4 27.14141 1.23460 8.00517 21.34479 -0.670 27.14141 24.67401
5 25.9077F 1.26506 7.20509 16.32057 -0.670 27.14141 25.90771
20 26.85471 1.24136  7.80435 19.99996 ~0.670 26.85475 26.85471 -

21 26.85473 1.24136 7.80436 20.00005 ~0.670 26.85473 26.85471
22 26.85472  1.24136 7.80436 20.00001 ~0.670 26.85472 26.85471

p = 1,3282282 1.3282282
a = 2.2680559 2.2600559
e = 9.6437204 0.6437204
i = 54.4623222 54.4623222
Omega = 270.0000000 270.0000000
Argp = 59.3433343 59.3433343
Nu = 65.5518930 300.6566657
M = 13.0845681 348.5688217
1 = Undefined Undefined
L = Undefined Undefined
Cappi = Undeflined Undefined

2. BMW Appendix D.4,2

Rl = 0.3000000 0.7000000 0.4000000 0.8602325
R2 = 0.6000000 -1.4000000 0.8000000 1,7204651
Delta time = 5.0000000 TU Short Way
V12 = 0.7326124 ~0.1048188 0.9768165 1,2255115
V22 = -0.3438450 -0.1048188 -0.4584600 0.5825822

0 0.00000 1.16648 1.52741 1.67394 1.000 39.47842 0.00000
1 19.7392F  3.43729  7.32002 26.03%36 1.000 19.73921 0.00000
2 9.86960 2.58070 3.56865 6.21125 1.000 9.86960 0.00000
3 4.93480 1.95276 2.44978  3.30956 1.000 9.86960 4.93480
4  7.40220 2.28527 2,97388 4.53124 ).000 9.86960 7.40220
5 0.63590 2.43747 3.26097 5.30134 1.000 8.63590 7.40220

17’ 8.17658  2.38187 3.15185 4.99985 1.000 8.17608 8.17658
18 8.17673  2.38189  3.15188 4.99994 1.000 8.17688 8.17673
19  8.17681  2.38190 3.15190 4.99999 1.000 8.17688 8,17681

p = 0.8228737 0.8228737
a T 1,2149570 1,2149570
e = 0.5680790 0.5680790
i = 126.8698976 126.8698976
Omega = 90,0000000 90.0000000 b
Argp = 301.1532226 301.1532226
Nu = 94.3844552 203.3090996
H = 31,1518847 245.0714534
u = Undeflned Undefinad 1
L = Undefined Undetfined
Cappi = Undefined Undefined




GAUSS Test Cases

3. BMW Appendix D.4,3

( Continued )

Rl = 0.5000000
R2 = 0.0000000
Delta time =
viz2 = -0.4053006
vaz = 0.2282041
0 0.00000 3.86474
1 19.73921 0.94890
2 9.86960 2,04881
3 4.93480 2,85511
4 2,46740  3.33287
S 3.70110 3.08744
12 4.63602 2.91020
13 4.63120 2,91109
14 4.62679  2,91154
n = 0.1541483
a = 1.8801350
e = 0.9581295
i = 125.5376778
Omega = 90.0000000
Argp = 208.0160964
Ny = 207.0885763
M = 346.1845632
U =  Undeflined
L = Undefined
Cappi = Undefined

4. BMW Appendix D.4,4

Rl = -0.2000000
R2 = 0.4C00000
Delta time =
V12 = -0,1616701
V22 = ~0.1616701
Iterations:
] 2 b4
0 0.00000 0,20263
1 19.7392)  3,24923
2 29.6088) 3.83177
3 24.6740)  3.60129
4 22,2066} 3,44164
5 23.44031 3.52541
18 23.44016 3.52540
19 23.44024 3.52540
20 23,44027 3.52%41
p = 0.0453848
a = 4.0464609
e = 0,9943762
i = 153.4349488
Omega = 180.0000000
Argp = 273.2706090
Nu = 160.1278414
M = 2.0933119
U =  Undefined
L = Undefined
Cappi =  Undefined

0.6000000 0.7000000 1,0488088
1.0000000 0.0000000 1.0000000
1.2000000 TU Long Way
-0.9427690 ~0.5674209 1.1726246
1.1462875 0.3194858 1.2116614
2.768020 1.05725 -1.284 39.47842 0.00000
3.84604 2.25659 -1.284 19,73921 0.00000
3.17970 1.41934 -1.284 9.86960 0.00000
2,96220 1.21082 -1,284 4.93480 0.00000
2.86767 1.12883 -1.284 4.93480 2.46740
2.91396 1.16836 -1,284 4.9348C 3.70110
2.95033  1,20024 -1,284 4.63602 4.62638
2.95014 1,20008 -1,284 4.63120 4.62638
2.95004 1.19999 -1.284 4.63120 4.62879
0.1541483
1,8801350
0.9581265
125,5376778
90.0000000
208.0160964
151.9839036
12,8542076
Undefined
Undefined
Undefined
0.6000000 0.3000000 0.7000000
1,2000000 0.6000000 1,4000000
50.0000000 TU Short Way
1,4377416 0.7188708 1,6155536
-0,9613760 -0.4806880 1.0869415
X tn vara  upper lover
0.63661 0.64694 1,342 39,.47842 0,00000
7.11696 24.64273 1,342 39.47842 19.7392)
18,43411 243,19086 1,342 29.60881 19.73521
10.9004) 65.206346 1,342 24.67401 19.73%21
8.74226 38.9015) 1,342 24,.67401 22.2066)
9.73914 50.C0039 1,342 23,4403)1 22.20661
9.7390% 49.99882 1,342 23,.4403) 23.44016
9.73907 49.99960 1,342 23,.44031 23.44024
9.73910 50,00000 1,342 23,44031 23.44027
0.0453848
4,0064609
0.9943762
153,4340488
180.0000000
273.2706090
193.3309406
354.042199%4
Undefined
Undefined
tUndetined

E-21




GAUSS Test Cases ( Continued )

5. BMW Appendix D.4,5 and pg. 275 S5.1llc

Rl = 1.0000000 0.0000000 0.0000000 1.0000000
RZ = 0.0000000 1.0000000 0.0000000 1.0000000
Delta time = 0.0001000 TU Short wWay
V12 = 0.0000000 0.0000000 0.08C5000 0.0000000
V22 = 0.0000000 0.0000000 0.0000000 0.0000000

0 0.00000 0.58579 1.08239% 0.97672 1.000 0.00009-12,56637
1 -2.86239 0.04886 0.27820 0.22517 1.000 -2.86239 -~2.86239
2 ~-2.86239 0.04886 0.27820 0,22517 1.000 -2.86239 -2.396239
3 -2.86239 0.04886 0.27820 0.22517 1.000 -2,86239 -2.86239

26 -2.86239 0.04886  0.27620  0.22517 1,000 -2.86239 -2.86239
29 -2.86239 0.04886 0.27620 0.22517 1.000 -2.86239 -2.86239
30 -2.86239 0.04886 0.27820 0.22517 1.000 -2.86239 -2.86239

p =  Undefined Undefined <
a = Undefined Uncefined
@ = Undefined Undefined
i =  Undefined Undefined
Omega = Undefined Undefined
Argp = Undeflned Undefined
Nu = Undefined Undefined
M = Undeflned Undefined
u =  Undefined Uindefined
L = Undefined Undefined
Cappi = Undefined Undefined

** Tosts polint where t ls very close to 0, NOT possible to converge **

6. BMW Appendix D.4,6

Rl = -0.4000000 0.6000000 -1,2010000 1,4008572
R2 = 0.2000000 ~0.3000000 0.6000000 0,7000000
Delta time = 5.0000000 TU Short Way
vi2 = 0.2551050 -0.3826576 -0.5738817 0.7354220
v22 = ~-0.7292157 1.0938236 0.4920219 1,4036706

0  0.00000 2.10049 2.04963 1.43545 0.000 39,47842 0,00000
1 19.73921  2,10108 5.72302 11.55672 0.000 19.73921 0,00000
2 9.86960 2.10086 3.21983 3.38258 0.000 19.739%921 9.86960
3 14.80441 2.10098 4.20278 5.86034 0.000 14.80441 9.86960
4 12.3270F 2.10092 3.56271  4.39418 0.000 14,80441 12,33701
5 13.57071  2.10095 3.91883 5.05635 0.000 13.57071 12.33701

17 13.47462  2.10095 3.89794  5.00013 0.000 13.47462 13.47432
18 13.47447 2.10095 3.89790 5.00004 0.000 13,47447 13.47432
19 13.47440 2.10095 3.89789  5.00000 0.000 13.47440 13.47432

P = 0.9334814 0.9334614
a = 1,1275842 1,1275842
e = 0.4148981 0.4148981
i = 90.0000000 90.0000000
Omega = 303.6900675 303.6900675
Argp = 95.4911977 95.4911977
Nu = 143,5271501 323,5060831
M = 106.4464590 345,7059561
u = Undefined Undefined
L = Undefined Undefinad
Cappl = Undefined Undefined 1

** Tests two position vectors which are almost 100 deg apart **

&
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GAUSS Test Cases

0.6000000
1.0000000

{ Continued

Example problem pg. 236

0.7000000
0.0000000

0.9668000 TU Long Way

~1,1143338
1.5552874

X
2.78020
2.5827L
2.67724
2.62895
2.65284

2.66183
2.66179
2.661861

-0.8833778
0.2500069

tn
1,05725
0.91188
0.97812
0.94330
0.96030

0.96682
0.96678
0.96680

vara
~1.284
~1.284
-1.284
~1.284
-1,284

-1.284
~1.204
~1.284

0.0943930

)

1.0488088
1,0000000

1.5557112
1.5853429

upper

lower

0.00000-12,56637

0.00000
-3.14159
-3.14159
~3.14159

-3.63553
~3.63553
-3.63630

~6.28319
-6.28319
-4.71239
~3,52699

-3.63860
~3.63707
-3.63707

-1.9481328
1,0239400
125.5376778
90.0000000
207.8180879
152.1819121

9.8480705

Undefined
Undefined
Undefined

*+* Tests Hyperbolic case with negative values of z #*

*7. BMW
Rl = 0.5000000
R2 = 0.0000000
Delta time =
V12 = -0.6309842
v22 = 0.1785764
Iterations:
# 4 Yy
0 0.00000 3.86474
1 -6.28319 5.48830
2 -3.14159 4.62581
3 -4.71239 5.04384
4 -3,92699 4.83159
12 -1.63553  4.75448
13 -3.63707 4.75489
14 -3.63630 4.75468
p = 0.0943930
a = -1.9481328
e = 1.0239400
i = 125.5376778
Omega = 90.0000000
Axgp = 207.81680879
Nu = 207.2866848
M = 10.515313%
1] =  Undefined
L = Undefined
Cappi = Undefined
*8, BMW
Rl = 0.5000000
R2 = 0.0000000
Delta time =
V12 = -0,3616124
V22 = -0.6018279
0 0.00000 0.23287
1 19.73921 3.14872
2 9.86960 2.04881
3 4.93480 1.24251
4 2,46740 0.76475
5 1.23370 0.50579
16 0.83311  0.41872
17 0.83281 0.41866
18 0.83266 0.41862
p s 1.0721027
a B 1,0782895
e = 0.0757470
i 3 54,4623222
Omega = 270.0000000
Argp = 197.8449338
Hu = 287.0502935
M 2 2965.2054467
1] s Undefined
L = Uadefined
Cappl = Undefined

0.600
1.000
0.9668

0.769
~0.022

0.68246
7.00602
3,17970
1.95412
1.37366
1.058940

0.94768

0.94759
0.94758

S

Example problem pg. 236

0000 0.7000000
0000 0.0000000
000 TU Short Way

7209
4179

-0.5062574
-0.8425591

1.284
1.284
1.284
1,284
1.284
1,284

0.67263
23.47961
§.09525
2.40181
1.50464
1.09950

0.96696
0.96686
0.96681

1,284
1.284
1,284

1.0721027
1.078289%
0.0757470
4.4623222

1.0488068
1.0000000

0.9897123
1.0356666

39.47842
19,73921
9.86960
4.93480
2,46740
1.23370

0.83311
0.83281
0.83266

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.8325)
0.83251
0.83251

270.0000000
197,8449338
342.1550662
344.6774128

Undefined
Undefined
tUndefined

E-23




GAUSS Test Cases ( Continued )
9. BMW problem pg. 275 #5.11b
Rl = 1.2000000 0.0000000 0.0000000 1.2000000
R2 = 0.0000000 2,0000000 0.0000000 2,0000000
Delta time = 10.0000000 TU Short Way
V12 = 0.7497686 0.7090867 0.0000000 1.0319675
v22 = ~0.4254520 -0.4661339 -0.0000000 0.6311024
0 0.00000 1.00011 1.42064 2.03409 1.549 39.47842 0.00000
1 19.73921 4.52702 8.40060 39.84524 1,549 19.73921 0.00000
2 9.86960 3.20000 3.97384  9.12942 1.549 19.73921 9.86960
3 14.80441 3.95748 5.76812 18.23108 1.549 14.80441 9.86960
4 12.33701 3.60388 4.79715 12.81244 1.549 12,.33701 9.86960
5 11.10330 3.40844 4.36982 10.80249 1,549 11,10330 9.86960
19 '10.53909  3.31475 4.18513 10.00008 1.549 10.53909 10.53901
20 10.53905 3.31475 4.18512 10.00003 1.549 10.53905 10.53901
21 10.53903 3.31474 4.18511 10,00000 1.549 10.53903 10.53901
P = 0.7240377 0.7240377
a = 1,6519309 1.6619309
e = 0.7512253 0.7512253
i = 0.,0000000 0.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = 121.8693704 211.8693704
M = 28,2972591 295,.7231038
U = Undefined Undefined
L = Undefined Undefined
Cappli = 238.1306296 238.1306296
*10. BMW problem pg. 275 #5.11d
Rl = 4.0000000 0.0000000 0.0000000 4.0000000
R2 = ~2.,0000000 0.0000000 0.0000000 2,0000000
Delta time = 10.0000000 ¥ Short Way
V12 = 0.00000U0 0.0000000 0,0000000 0.0000000
V22 = 0.0000000 0.0000000 0.0000000 0.0000000
Iterations:
4 2 y X tn vara upper lower
Hone.
p = Undefined Undefined
a = Undefined Undefined
e =  Undefined Undefined
i = Undefined Undetinad
Omega = Undefined Undefined
Argp = Undefined Undofined
Nu =  Undefined Undefined
M =  Undefined Undsefined
}] = Undefined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined
** NOT POSSIBLE since the vectors are Co-linear, l.e. Nu = Pl **
E-24
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11, BMW problem pg. 275 #5.1lle
Rl = 2.0000000 0.0000000 0.0000000
R2 = ~2,0000000 -0.2000000 0.0000000
Delta time = 20.0000000 TU Long Way
vi2 = 0.3083363 0.7157383 ~-0,0000000
v22 = 0.3778475 -0.6779535 0.0000000
0 0.00000 4.20973 2,90163 3,78189 -0,141
1 19.73921 3.88899 7.78614 28,82271 -0.14)
2 9.86960 4.00998 4.44842 8,63618 ~0.14)
3 14.80441 3.94091 5.75603 14.77378 -0.141
4 17.27181 3.91295 6.65020 20,22782 -0.141
20 17.18766 3.91384  6.61618 20.00007 -0.141
21 17.18764 3.91384 6.61617 20.00002 -0.141
22 17.18763 3.91384 6.61617 19.99999 -0,141
p = 2.04%1252 2.0491252
a = 2.5468139 2.5468139
e = 0.44205%1 0.4420591
13 = 0.0000000 0.0000000
Omega = Undefined Undefined
Argp = Undefined Undefined
Nu = B86.8147745 272.5253677
M = 38.8020471 320.7420307
u = Undetined Undefined
L = Undeflined Undefined
Cappl = 273.1852255 273.1852255
412, BMW problem pg. 274 #5.8
Rl = 1.0000000 0.0000000 0.0000000
R2 = 1.0000000 1.0000000 1.0000000
Delta time = 1.0922000 TU Short Way
vi2 = 0.3628742 1.0086839 1.0086839
v22 = -0,2095055 0.7991784 0.7991784
0 0.00000 0.39451 0.88827 1,15499 1.653
1 -1.12642 0.05758 0.32393 0.40261 1.653
2 -0.56321 0.22800 0.65969 0.83846 1.653
3 -0.28161 0.31174 0.79042 1.00322 1.653
4 -0.14080 0.35325 0.83562 1.08032 1,653
5 =-0.07040 0.37391 0.86223 1.11792 1.653
12 0.11625 0.35987 0.84421 1.09243 1.653
13 -0.11853 0.35979 0.84411 1.09228 1.653
14 -0.11866 0.35975 0.84405 1.09221 1.653
P = 2.0348865 2.0348865
a = -6,0036903 -6.0036903
-] s 1.1571254 1.1571254
i = 45.,0000000 45.0000000
Omega =  0,0000000 0.0000000
Argp = 333.4263200 333.4263200
Ru = 26.5736800 81.3092903
M s 1.1720949 5.4261265
u = Undetfined Undefined
L = Undefined Undefined
Cappi = Undefined Undefined

GAUSS Test Cases

{ Continued )

2.0000000
2,0099751

0.7793283
0.7761377

39.47642 0.00000
19.7392) 0.00000
19.73921 9.86960
19.73921 14.80441
17.27181 14.80441

17.18766 17.18762
17.18764 17.18762
17.18764 17.18763

1.0000000
1.7320508

1.4719253
1.1494628

0.00000-12.56637
0.00000 -1.12642
0.00000 -0.56321
0.00000 -0.28161
0.00000 ~0.14080
-0.07040 ~0.14080

-0.11825
-0.11853
-0.11866

~0,11880
=0.11880
-0.11880

** Tests Hyperbola and lower bounds on a negative lteration #**




GAUSS Test Cases ( Continued )

*13., BMW problem pg. 274 $5.10 ‘
Rl = 1,000,000 0.0000000 0.0000000 1.0000000
R2 = 1.00€0000 0.1250000 0.1250000 1,0155048
Delta time = 0.1250000 TU Short Way
V12 0.0618607 1.0025629 1.0025629 1,4191869

v22 ~0.0609162 0.9949484 0.9949484 1.4083875
Iterations:

¥ Z y X tn vara upper lower
0 0.00000 0.00777 0.12464 9,12544 1.420 0.00000-12,56637
1 =-0.03070 0.00006 0.01071 0.01076 1.420 0.00000 -0.03070 .
2 -0.01535 0.00391 0.08842 0,08893 1.420 0,00000 -0.01535
3 -0.00768 0.00584 0.10805 0.10871 1.420 0,00000 -0.00768
4 -~0.00384 0.00680 0.11664 0.11737 1.420 0.00000 -0.00384
§ =0.00192 0.00729 0.12070 ©0.12147 1.42¢ 0.00000 -0.00192

11 .-0.00021 0.0077y  0.12421 0.12502 1.420 -0,.00021 -0.00024 N
12 -0.00022 0.00771 0.12418 0.12498 1.420 -0.00021 -0,00022
13 =-0.00022 0.00771 0.12420 0.12500 1.420 -0.00021 -0.00022

p = 2,0102648 2,0102648
a = ~70.9646068 ~70.9646068
e = 1.0140649 1.0140649
i = 45,0000000 45,0000000
Omega =  0,0000000 0.0000000
Argp = 355.0381799 355,0381799
Nu = 4.9618201 14.9868079
M = 0.0058393 0.0178196
U = Undefinsd Undefined
L = Undefined Undefined
Cappl = Undefined Undet ined

** Tosts first guess too close and zolution near zero #+

14. A423 test case ‘

Rl = 1.0500000 0.0000000 0.0000000 1.0500000
R2 = -3.2500000 2.6037000 0.0000000 4.164342)
Delta time = 2,0000000 TU Short Way
V12 = ~1.7964252 1.9359850 0.0000000 2.6410569
v22 = -2.1040017 1.0601246 0.0000000 2.3559897
Iterations:
] 4 y X tn vara upper lover
0 0.00000 3.82866 2.76719 5.44876 0.980 0,00000-12,56637
1 -6.28319 2.58977 1.77414  2.84747 0,980 -6.20319-12,56637
2 ~9,42478 1.84751 1,33487 1.96246 0,980 -6.28319 -9,42478
3 -2.85398 2,22959 1.55259 2.38257 0.980 -7.85398 -9.42478
4 -8.63938 2.04134  1.44353 2.16772 0,990 -8.63938 -9.42478
S -9.03208 1.94513 1.38919 2,0639% 0.980 -9,03208 -9.42478

13 .-9.27905 1.88390 1.35503 1.99989 0.980 -9.27752 -9.27905
14 ~-9.27828 1.88409 1.35514 2.00009 0.980 -9.270828 -9.27905
15 -9.27867 1.88399 1.35508 1.99999 0.980 -9.27828 -9.27867

p = 4,1322119 4,1322119 -
a = ~0,1972223 -0.1972223
e = 4.6853013 4.6853013
i = 0.0000000 0.0000000
Omega = Undefined Undefined
hrgp =  Undeflned Undefined :
Nu = 308.7939154 90.0943554
M = 196.7341763 30.3576180
u = Undefined Undefined
L = Undefined Undefined
Cappr = 51.2060846 51.20600846
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GAUSS Test Cases

15, A423 Test Case

Rl = 1.0500000
R2 = 0.0000000
Delta time =
vi2 = 1.1418714
V22 = -0.6278465
Iterations:
¥ z y
0 0.00000 0.57523
1 19.73921 2.78270
2 29.6088F 3.20479
3 24.6740F 3.03779
4 22,20661 2,92211
5 23.44031 2.98281
22 22.95547 2.95965
23 22.95546  2.95965
24 22,95547 2.95965
p = 0.3192949
a = 3,2125232
] = 0.9490044
i = 0.0000000
Omega =  Undefined
Argp = Undefined
Nu = 137.,1641835
M = 6.4927409
U = Undefined
L = Undefined
Cappl = 222,8350165

16. A423 Test Case

Rl = 1,0500000
R2 = -3,2500000
Delta time =
V12 = 0.2035271
V22 = -0.2840267
Iterations:
[ 2 ¥
0 0.00000 3.82866
1 19.,73921 6.05365
2 9.86960 5.21434
3 4.93480 4.59908
4 7.40220 4.92488
S 6.16850 4.76667
19 5,92160 4.73389
20 5,92163 4.733089
21 5.92162 4.73389
p = 1.6445373
a = 2,6903791
e = 0.6234854
i = 0.0000000
Omgga = Undefined
Argp = Undefined
Nu = 24.7473677
M = 4,5968877
u = Undefined
L = Undefined
Cappi = 335.2526323

{ Continued

0.0000000 0.0000000
0.9000000 0.0000000
35.0000000 TU Short way

0.5381541
~1.2315637

0.0000000
-0.0000000

X tn
1,07259 0.94295
6.58624 19.23557

16.85862 185.74593
10.01135 50.28323
8.05544 30.19576
8.,95836 38.63162

vara

0.972
0.972
0.972
0.972
0.972
0.972

8.58749
8.58749
8.58749

35.00001
34.99998
34.99999

0.972
0.972
0.972

0.3192949
3.2125232
0.9490044
0.0000000
Undefined
Undefined
227.1641835
354.7668629

Undefined
Undefined
222,8358165

0.0000000 0.0000000
2.6037000 0.0000000
10.0000000 TU Short Way

1,2213287
-0,1670384

0.0000000
-0.0000000

tn vara
5.44876 0.980
58.92834 0.5080
15.46269 0.980
9.01247 0.980
11.72713 0.980
10.26622 0.980

X
2,76719
9.71433
5.07265
3.75987
4.36568
4.05153

3.99141
3.99142
3.99141

9.99998
10.00002
10.00000

0.980
0.960
0.980

1.6445373
2,.6903791
0.623485¢
0.0000000
Undsfined
Undef ined
166.0478077
134.4351016

Yndefined
Undefined
335,2526323

)

1.0500000
0.9000000

1.2623312
1,3823677

upper
39.47842
39,476842
29.6088)
24.67401
24.67401
23.44031

22.95547
22,95547
22.95547

lower

0.00000
19.73921
19.73921
19,7392
22,2066
22.20661

22.95546
22,95546
22,95547

1.0500000
4.1643431

1.2381709
0.3295042

upper
39.47042
19.73921
9.86960
9.86960
7.40220
6.16850

5.92167
5.92163
5.92162

lover

0.00000
0.00000
0.,00000
4.93480
4.93480
4,93480

5.92160
5.92160
§.92160




PKEPLER Test Cases

1. A423 test case
Initial Target location :

Ro = =3.25000000 2
Vo = -0.30640000 -0
Dt = 10.,0000000000000

Final Target location :

Iterations :

Transfer orblt velocities :

V0 = 0.00000000
DeltaVl = Vit - V1 =

Deltav2 = v2 - V2t =

.60370000 9
.38240000 0

TU

R2 = -3,65171978 -2.00172677 0
y2 = 0.23556336 -0.42967158 s}
p = 4.16394100 4,16394100
a = 4.16394100 4.16394100
e = 0.00011993 0.00011993
i = 0.00000000 0.00000000
Omega = FAXRRAILARKREL  AOANAREAERNRAL
Argp = RRAREBARANRALE ARRRRRARRAANER
Nuo = 143.63583857 211.05087378
M =  143.62768933 211,06596479
u = KRNRARARERARLE RARRAARENENRAS
L = ARARKARRARANRE  ANSRARARANNRAS
CapPi =  357.66460145 357.67091784
----------- GAUSS ==wo—mmme—=
Interceptor Position
Rl = 1.05000000 0,00000000 0
Final Target Position
"2 = ~-3,65171978 -2,00172677 0
Delta time = 10.0000000000000

4 Yy X tn
0 0.00000 4.17679 2.89026 5.523
1 19.73921 5.84283  9.54368 55,364
2 9,86960 5.21437 5.07266 14,900
3 4.93480 4.75367 3.82223  6.862
4 7.40220 4.99762  4.39781 11.405
S 6.16850 4.87916 4.09906 10.036
6 5.55165 4.81731  3.95806 9.427
7 5.86008 4.84845 4.02790 9.726
8 6.01429 4.86386 4.06331 9.880
9 6.09140 4.87152  4.08114 9.958
10 6.12995 4,87534  4.09009 9.997
1} 6.14923  4.87725 4.09457 10.017
12 6.13959 4.87630  4.09233 10.007
13 6.13477 4.87582  4.09121 10.002
14 6.13236 4.87558  4.09065 9.999
15 6.13356 4.87570 4.09093 10.001
16 6.13296 4.87564 4.05079 10.000
17 6.13266 4.87561  4.09072 10.000
18 6.13251 4.87560 4.09069 10.000
19 6.13243  4.87559  4.05067 10.000
20 6.13240 4.87559  4.09066 10.000
21 6.13238  4.87558  4.09065 10.000

vit =  0.10732319 ~-1,23562515 O
v2t = -0.26316944  0,21102745 0
P = 2.72870561 2.72870561
a = 2.72870561 2.72870561
e = 0.61897296 0.61897296
i = 180,00000000  180,00000000
Omegd s kRAEKERROERRRRASN (2223382323282
AXgp = FREAAAAEAEAELS  AERANTRARIRARR
Nuo =  13.00030198  164.27051036
M = 2.41894132  129,53127945
U = KRARRERXARARAE FENRERNORARONE
L = NRRRRRCERRAERR (T333133823%332
CapPi =  346.99969802  346.99969802

If the velocity of the Interceptor lis
0,97590000 0

0.10732319
0.49873280

.00000000 4,16434313
.00000000 0.49001.094
.00000000 4.16436879
.00000000 0.49000792
.00000000 1.05000000
,00000000 4.16436879
Short Way

vara Upper 2z
43 0.73368 39.47842
44 0.73368 19.73%921
71  0.73368 9.86960
18 0.733580 9.86960
28 0.733680 7.40220
97 0.73368 6.16850
64 0.73368 6.16850
$6 0.73368 6.16850
30 0.73368 6.16850
26 0.73368 6.16850
52 0.73368 6.16850
22 0,73368 6.14923
37 0.73368 6.13959
44  0,73368 6.13477
98  0.73368 6.13477
21 0,.73368 6.13356
60 0.73368 6.13296
29 0.73368 6.13266
14 0,73366 6.13251
06 0.73368 6.13243
02 0.73368 6.13240
00 0.73368 6.13238
,00000000 1.24027730
.00000000 0.33732683
.00000000 0.975%0000
-2.21152515 0.00000000
-0.64069902 0.00000000

Lower 2
0.00000
0.00000
0.00000
4.93480
4.93480
4.93480
5.55165
5.86008
6.01429
6.09140
6§.12995
6.12995
6.12995
6.12995
6.13236
6.13236
6.13236
6.13236
6.13236
6.13236
6.13236
6.13236

2.21412776

0.81192958

S ey




PKEPLER Test Cases ( Continued )

2. A423 test case
Initial Target location 3

Ro = =-3,25000000 2.60370000 0.00000000 4.16434313
Vo = -0.30640000 —0.38240000 0.00000000 0.49001094
Dt = 2.00000000000000 ™
Final Target location :
R2 = =3,76764653 1.77400005 0.00000000 4.16440110
y2 = -0,20875833 ~-0.44331027 0.00000000 0.49000412
p = 4.16394100 4.16394100
a = 4,16394100 4.16394100
e = 0.00011993 0.00011993
1 = 0.00000000 0.00000000
Omega = RRRARRARRERNASN RRARINRRRARANE
Argp = ARRRRRANRNRARR  RARRARANANNNNS
Nuo = 143,63583857 157.12068816
M = 143,62768933 157.11534442
U = RRARRARARRNERE RARRRARRRARERS
L = ARRRRERNRERRAR  AXARNARARAARANAR
CapPi = 357.66460145 357.66586473
----------- GAUSS =m===wwmne=
Interceptor Positlon
Rl = 1,05000000 0.00000000 0.00000000 1,0%000000
Final Target Position
R2 = =3.76764653 1,77400005 0,00000000 4.16440110
pelta time = 2,00000000060000 ghort Way |
Iterations 1
4 y X tn vara Uppsr 2
0 0.00000 4.30161 2,93313 5,54438 0.64544 0.00000
1 -6.28319 3.48552 2.05822 3,18899 0.64544 -6.28319
2 -9.42478  2.99657 1,70004 2,42000 0.54544 -9.42478
3 -10.99557 2,72987 1,53469 2.10002 0,.54544 -10,99557
4 -11.78097 2.59072 1.45474 1,95288 0.64544 -10.99557
§ ~11.38827 2.66079 1.49451 2.02546 0.64544 -11,38827
6 -11.58462 2,62588 1,47458 1.98893  0.64544 -11.36827
7 -11.40645 2,64336 1.48453  2,00714  0.64544 -11.48645
8 ~11,53554 2,63463 1.47955 1.99602 0.64544 -11.48645
9 ~11.51099 2.63900 1.48204 2.00257 0,64544 -11.51099
10 ~11,52326 2.63681 1.48080 2.00029 0,.64544 -11,52326
11 -11.52940 2,63572 1.48017 1.99916 0.64544 -11.52326
12 -11.52633  2,63627 1.48049 1,99973 0.64544 -11.52326
13 ~11.52480 2.63654 1.48064 2,00001 0.64544 -11.52400
14 ~-11.52556 2,63640 1.48056 1.99987 0.64544 -11.52480
15 -11.52518  2.63647 1.48060 1.99994 0.64544 -11.52480
16 =-11.52499 2.63651 1,48062 1.99997 0.64544 -11.52400
17 ~11.52489 2.63652 1.48063 1,99999 0.64544 -11.52480
Transfer orbit velocitles :
yic = -2,08117693 1.69270086 0,00000000 2.668264062
V2t = -2,32085567 0.62103856 0.00000000 2.40251117
P = -0.18897166 -0.18897166
a 3 -0.18897166 ~0,18897166
@ = 4.20910234 4.20910234
i = 0,00000000 0.00000000
Omega = WNRANARRRSGANRAN KREAKANRERREAR
Argp = SRARRKARRRAN &AL ARARCARRRARR NN
Nuo =  298,501380289 93.28835579
M = 230,01866192 1161,08942741
U = ERAkRShhNhhkhRL (2332232833311 4%])
L = BkkkhRkRARARNE RXRXRANREANRER
CapPi = 61.49819711 61.49819711
If the velocity of the interceptor ls
vi = 0.00000000 0.97590000 0,00000000 0.97590000
Deltavl = Vit - V1 = -2,08117693 0.71680886 0,000000
Deltav2 = V2 - V2t = 2,11209734 -1,064348063 0.000000

Lower 2z
-12,56637
~-12,%56637
-12,56637
-12.56637
-11.78097
~-11,78097
-11,58462
-11.568462
-11,53554
-11.53554
~-11,53554
-11,52940
-11,52633
~11,.52633
-11,52556
-11.52518
~11,52499
-11,.52489

00 2.20116189
60 2.36512021




3. A423 test case
Initial Target location :

Ro =
Vo =

bt =

~3.25000000
~0.30640000

35.0000000000000

Final Target location :

2.60370000 0

-0.38240000 0

TV

PKEPLER Test Cases ( Continued )

R2 = 3.97397194 1,24178724 "]
v2 = -0,14616128 0.46781218 0
p = 4.16394100 4.16394100
a = 4.16394100 4.16394100
e = 0.00011993 0.00011993
i = 0.00000000 0,00000000
OMaga = *RAREARRRERATEA  AARARRERANEARS
ALGD = ARAARARRARAARS  ARATENCARARANE
Nuo =  143,63583857 19,66627822
M = 143,62768933 19.66165341
) = ARRRARARERERAR  ANAARARRNARANR
L = RARRRAARANAREN RRAERREARNBANN
CapPl =  357.66460145 357.68670080
GAUSS
Interceptor Position
Rl = 1.05000000 0.00000000 0
Final Target Position
R2 = 3.97397194 1,24178724 0
Delta time = 35.0000000000000
Iterations :
z v X tn
0 0.00000 1.,07963 1,46944  3.566
1 19.73921 7.71734 10.96827 89.470
2 9,86960 5.21347 5,07222 19.896
3 14.80441  6.64271  7.47304 40.477
4 12.33701 5.97553 6.17712 28.221
5 13.57071 6.32058 6.79714 33.731
6 14.18756 6.48446 7.12753 36.929
7  13.87913 6.40323 6.96052 35.289
8 13.72492 6.36208 6.87839 34.500
9 13.80202 6.38270 6.91934 34.0892
10 13.84058 6.39298 6.939%0 35.090
11 13.82130 6.38764 6.92962 34.991
12 13.83094 6.39041 6.93476 35.040
13 13.82612 6.38913 6.93219 35,016
14 13.82371 6.38848  6.93090 35.003
15 13.82251 6.38816 6.93026 34.997
16 13.82311 6.38832 6.93058 35,000
17  13.82281 6.38824 6.93042 34.999
18 13.82296 6.38828 6.93050 34.999
19  13.82303 6.38830 6.93054 35.000
20 13.82300 6.38829 6.93052 35.000
21 13,82298 6.38829 6.93051 34.999
22 13.82299 6.38829 6.93052 35.000
23 13.82298 6.38829 6.9305)1 35.000

Transfer orbit velocities

-0 DY

Omega
Argp
Nuo
M

U

L
CapPi

1f the velocity of the

Vi =

DeltaVvl = Vit - V1

LU T TN T (O T T T D I 1}

1.26044599
-0.42955162

3.47479351
3.47479351
2.99550811

0.00000000
KEARRARRRRARER

AAkARARERANRER
167.08810965
4.81579179

E3 522222223234
AR EERRNANRR

192,91189035

0.00000000

Deltav2 = V2 - V2t =

0.16808010 0

~0.08981634 0

3.47479351
3.47479351
0.99550811
6.00000000

ARRRRRRARRESRN
RERRIREANREANRE

184.44109668

314.41306557
AARNERRENANANR

SRANRERINRARAR
192.91189035

interceptor is

0.97590000 0
1.26044599
0.28339034

.00000000
»00000000
.00000000
.00000000
,00000000
.00060000
Short Way
vara
04 2.92307
46  2,92307
19 2.92307
99  2,92307
$2  2.92307
29 2,9230?
87  2.92307
64  2.92307
55 2.92307
58 2,92307
48 2.92307
37 2.92307
88  2,92307
12 2.92307
74 2.92307
$6  2.92307
65 2.92307
10 2.92307
88  2,92307
26 2.92307
07 2.92307
97  2.92307
02 2,92307
00 2.92307
+00000000
.00000000
.00000000
~-0.980781990
0.55762852

4.16434313
0.49001094

4.16347073
0.49011351

1.05000000
4.16347073

Upper 2
39.47842
19.73921
19,73921
14.80441
14,80442
14.80441
14.18756
13.87913
13,87913
13.87913
13.84058
13,.84058
13,.83094
13,82612
13.82371
13.82371
13.82311
13.82311
13,82311
13,82303
13,82300
13.82300
13.82299
13,82299

1.27160333
0.43884117

0.97590000

0.00000000
0.00000000

Lower 2
0.00000
0.00000
9,86960
9.86960
12,33701
13.57071
13.57071
13.57071
13.72492
13.80202
13.80202
13.82130
13.82130
13.82130
13,82130
13,82251
13,82251
13.82281
13,82296
13.82296
13.82296
13.82298
13.82298
13.82298

1.49709622
0.62550751




IJKtoLatLon:

I =

Geocentric Latitude =

Longitu

SUN
Date
7 Mar 1960

1 Jan 1987

14 May 1987

7 Dec 1987
1 Jan 1988
7 Jan 1909
7 Sep 19589

27 Oct 1989

Date
7 Mar 1960
1 Jan 1987
May 1987
7 Dec 1987
1 Jan 1988
1 Jan 1989
7 Sep 1989

27 Oct 1989

i

]
1.125 0.784

de

0:

0:

0:

0

0:

03

0t

03

03

03

03

0:

01

0

01

0t

Time
0: 0.00

0: 0.00

0: 0.00

0 0.00

0: 0.00

0: 0.00

0: 0.00

0: 0.00

Tine

0: 0,00

0: 0,00

0: 0.00

9 0.00

0s 0.00

0: 0.00

0: 0,00

0: 0.00

1.

K
372 pb JD

44.923
-168.059

Rt Asc
347.5098316

280.9058053
§0.2799618

§0.2831665
253.0019878

280.6376087
288.0699572

288.0718324

165.5083823
165.5914994

211.3147039
211.3141660

Rt Asc
93.2027108

295.0571035
235.9616350

235.8341659

93.8507651
93.8729164

62.0701366
196.2614860
196.3591660

235.0997646
235,0529159

183.14485367
183.1216661

* Astronomical Almanac Values

“JNRiseSet
JDate

2440258.5
2448430.5
2448430.5
2448438.5
2448614.5

Day Mon ¥r  Lat
hr min
2 Jan 91 40.0 7 22
23 Jun 91 40.0 4 32
23 Jun 91 64.0 1 31
1 Jul 91 =~55.0 8 26
24 Dec 91 40.0 7 19

= 2446066.7

Declination
-5$.3581087

~23.0621533
18.4437210

18.4464166
-22,5209713

=-23.0004049
-22.4012346

~22,4032777

6.1590506
6.1581388

-12.6993087
=12,7006667

Declination
18.1740408

-26,4619655
-23.6405903

~23.6722222

28.3624008
28.3913889

25,.7416696
-10.6881272
=-10.7161111

-24.9840899
~24.9547222

~4.9906999
~4.9911111

SunRise Sunset

hr min
16 46
19 33
22 33
15 4
16 39

835

X
0.9647718
0.1711689
0.1742717

0.6126212
0.6099669

-0.2660578
~0.2632420

0.1669865
0.1698618

0.2819902
0.2846084

-0.9703890
-0,9711011

~0.8282793
-0.8269128
X
~3.4450973
21.3030582
~29.476858%
~3.6547803
26.0736204
-59.4985477
-32.7168135

-63.1781196

¥
-0.2137111
-0.8883825
-0.6878979

0.7373809
0.7391757

~-0.8703439
-0.8710383

~0.0890567
~0.8885706

-0.0642844
-0.8635956

0.2493633
0.2470317

~0.5038929
-0.5058353
60.06%2320
~45.5659292
~-43.6381820
54.8920738
49.1624943
-17.3777252
-46.0980417

~3.4730719

2z
-0.0926796
~0.3851906
-0.3849824

0.3197175
0.3204954

-0.3773668
~0.3776657

-0.3854802
-0.3852661

~0.3747367
=0.3744404

0.1081185
0.1071008

~0.2184768
~0.2193263
z
19.7498143
-25.0362158
~23.0509295
29.6995740
26.8396283
-11.6987324
=26.6446131

~5.5253C44

Magnitude
0.9924951

0.9833077
0.9833335

1.0105714
1.0105234

0.9852365

0.9852085

0.9833114

0.9833278

1.0077333

0.9938244

Magnitude

63.3200725

56.1849453

57.4838850

62,5192520

61.7977078

63.0785260

63.0840945

63.5142858




0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

=20.0000000
-20.0000000
~20.0000000
=20.0000000
-20,0000000
~20.0000000

30.0000000
30.0000000
30.0000000
30.0000000

86.,0000000
86.0000000
86.0000000
86.0000000
86.0000000
86.0000000
86.0000000
86.0000000
86.0000000
86.0000000
86.0000000
86.0000000

PATH and RNGAZ Test Cases

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

0,0000000
0.00G0000
0.0000000
0.0000000

0.0000000
0.0000000
0.0000000
0.0000000
~10G.0000000
-100.0000000
-100.0000000
-100.0000000
140.0000000
140.0000000
140.0000000
140.0000000

MISC ICBM Test Cases

1000.0000000
0.0000000
0.0000000

10.0000000
10.0000000
10.0000000
10.0000000

1636.8540000

6370.0000000

6370.0000000

£370,0000000

6370.0000000

$000.0000000

8000,0000000

8000.0000000

8000.,0000000

8000.0000000
6000.0000000
6000.0000000
6000.,0000000
6000.0000000
6000.0000000

6000.0000000
6000,0000000
6000.0000000
6000.0000000

6000.0000000
6000.0000000
6000.0000000
6000.0000000
6006.00090C0
§000,0000000
§000,0000000
6000.0000000
6000.0000000
6000.0000000
6000.0000000
6000.0000000

GEOCENTRIC and INVGEOCENTRIC Test Cases

Geocentric Latitude Deg

-20.0000
0.0000
10.0000
20,0000
50.0000
70.0000
90.0000

TRAJEC Test Cases

Alt of burnout 0.0 ft

Latitudes
47.3000000
43,3000000
89.3649491
34.6748938
42.7266242

357.9239768
-136.2692682
7.3897206

47.3000000
43.3000000
89.3907074
10.6511083
25.4576416
1,0690019
350.6706321
7.3745838

Longitudes
~111.1600000
61.0000000
9948.0604758

4.2029324

-111,1600000
§1.0000000
9950,9278763

10.8307851

Q
0,870000

2.4294622

0.870000

6.2606248

169.8570000
169.8570000
0.0000000
0.0000000
90.0000000
180.0000000
270.0000000
270,0000000
270.0000000
180.0000000
90,0000000
0.0000000
0.0000000
90.0000000
180.0000000
270,0000000

270.0000000
270.0000000
180.0000000
90.0000000
90.0000000
0.0000000

0.0000000
90.0000000
180.0000000
270.0000000

270.0000000
180.0000000
270.0000000
$0.0060000
%0.0000000
0.06000000
180.0000000
270.0000000
270.0000000
180.0000000
90.0000000
0.0000000

~8.8416236
0.0000000
0.0000000
0.0898315
~0.0000000
-0.0898315
0.0000000
0.0000000
0.0000000
-57.2226845
-0.0009000
57.2226845
71.8652238
-0.0000000
-71.8652238
0.0000000

-6.1109959
~11.6259897
~73.8989179
~11.6259697
~11.6259897

33.8989179

83.8989179
17.1339014
-23.8989179
17.1339014

35.9993679
32,1010821
35.9993679
35,9993679
35.9993679
40.1010821
32,1010821
35.9993679
35.9993679
32.1010821
35.9993679
40.1010821

Geodetic Latitude Deg

0.0000

Hig

Type Trajectory
h

Range in deg and km
Flight Path Angle deg
Time of Plight min

Azimuth deg

Influence Coefficients
Needed veloclty km/s

Low

Range in deo and km
Plight Path Angle deg
Time of Plight min

Azlmuth deg

Influence Coefficients
Needed veloclity km/s

1,5946625
0.0000000
$.0000000
0.0000000
0.0898315
0.0000000
359,.9101685
346.1942054
302.7773155
0.0000000
57.2226845
0.0000000
0.0000000
71.,8652238
360.0000000
288,1347762

287.1068112
304.4213918
0.0000000
55.5706082
55.5786082
0.0000000

0.0000000
57.7258837
0.0000000
302,2741163

272.9120869
0.0000000
272,9120869
87,0879131
347,0879131
80.0000000
260.0000000
172,9120869
§2.9120869
140.0000000
227.0879131
320.0000000




Epoch Data
2447776.500

12,53536954
0.00243456
0.1604069

-0.000232

74.4536

325.0201
~1.8465
324.6788
~4.5783
36.84884

PREDICT TEST Cases

Site Data :
76.570 Latitude
n rev/day -68.270 Longitude
ndot rev/2day2 2519.685 Altitude ft
®
@dot /day
i
omega deg
omega dot deg/day
argp dey
argp dot deg/day
M deg

NOTE!! These results are produced using the Dot terms above.
calculates thelr own terms, secular, J2 only, the values will

substantially.,

Results: Range km Az | 33 Jb

£ye 1859.5720 267.10873 0,.30459 2447826.5000000
Eye $26.2845 259.58111 10.93659 2447826,.5013889
Radar Nite 339,4721 161.27447 39.40792 2447826.5027778
Radar Nite 1121.4410 107,98459 6.52213 2447826.5041667
Radar Nite 1102,1904 276.54812 6.96616 2447826.5805556
Radar Nite 527.8062 212,73884 22.42525 2447626.5819444
Radar Nite 1110.4456 149.72838 7.27938 2447826.5833333
Radar Nite 1360.2813 281,.27566 3.29773  2447826.6597222
Radar Nite 1052,6357 235,28395 7.84189  2447026.6611111
Radar Nite  1500,7202 194.69278 3.08922 2447826.6625000
Eye 1886.4860 208.55513 1,10362 2447827.3597222
Eye 1042,6527 190,39413  9.95337  2447827.3611111
Eye 660,8354 123.13483 16.93138  2447827.3625000
Radar Nite 1312.64665 77.08573 3.86010 2447827.3638889
Eye 1841,6349 246.99227 0.43637 2447827.4388889
Eye 914,.5342 237.96272 11.15685 2447827.4402778
Radar Nite 373.8777 141.10461 34.85709  2447827.4416667
Radar Nite 1152.6843 90.65242 6.09010 24470827.4430556
Eye 1027.5726 267.99792 8.15068  2447827.5194444
Radar Nite 354,0547 193.22169 37.15572 2447827.5208333
Radar Nite 1039.8861 120.66774 8.51512 2447827.5222222
Radar Nite 1198,6142 279.81762 5.30112 2447827,5986111
Radar Nite 670.7525 224,68996 17.03599 2447827.6000000
Radar Nite 1161,3700 166.35389 7.62851  2447827.6013889
Radar Hite 1489.1514 282,25136 2.06140 2447827.67777718
Radar Nite  1282.9142 241.62790 5.3706)1  2447827.6791667
Radar Nite 1715,6553 207.31945 1.98473 2447627.6805556
Eye 1672.9835 220,33454 1.66571  2447828.3777778
Eye 812,2532 199.89954 13,.10451  2447828.3791667
Eye 627.2100 110.81914 17.87177 2447828.3805556
Rada: Nite 1419,3929 77.37957 2.93510 2447828.3819444
Eye 1682,0727 256.64734 0.75375  2447828.4565444
Eye 755.2339 246.17602 13.81707 2447828.4583333
Radar Nite 431.7184 124,77448 29.32401  2447828,4597222
Radar Nite 1297.7978 96.46179 5.07336 2447828.4611111
Radar Nite 880,3825 266.53985 10.67522 2447828.5375000
Radar Nite 468,2274 174.96352 26,18420 2447828.5388889
Radar Nite  1240.7851 130.96218 7.02184 2447828.5402778
Radar Nite 1106.6630 273.05680 7.07086 2447828.6166667
Radar Nite 881,1470 214.€1622 13,0754l 2447028.6180556
Radar Nite 1480,5495 175.31219 5.24977 2447828.6194444
Radar Nite 1549.6968 273.81067 2.29647 2447628.6958333
Radar Nite 1610.6864 237.78891  3.14410 2447828.6972222

Time Data

If

27
27

27

27
27
27

27
27
27

27
27
27
27

27

27
27

28
28
28

28
28
28

28
28

28
28
28
28

28
28
28
28

29
29
29
29
29

29
29

2447826.50

I
:

2900.00 min
2,00 min

the

Oct
Oct
Oct
Oct

Oct
Oct
Oct

Oct
Oct
oct

Oct
Oct
Oct
Oct

Oct
oct
Oct
Oct

Oct
Oct
Oct

Cet
Oct
Oct

oct
Oct
Oct

Oct
Oct
Oct
Oct

Oct
oct
oct
Oct

Oct
Oct
Oct

Oct
Oct
Oct

Oct
Oct

user

differ

1989
1989
1989
1989

1989
1989
1989

1989
1989
1989

1989
1989
1989
1989

1989
1989
1989
1989

1969
1989
1989

1989
1989
1989

1989
1989
1989

1989
1989
1989
1989

1989
1989
1989
1989

1989
1989
1989

1989
1989
1989

1989
1989

Universal
Hr Min Sec
0: 0: 0.00
0: 1:60.00
0: 3:60.00
0: 5:60.00

1:55:60.00
1:57:60.00
1359:60.00

3149:60.00
3:51360.00
3153:60.00

20137160.00
20139:60.00
20:41:60.00
20:43:60.00

22331:60.00
22:33160.00
22135:60.00
22137160.00

0:27:60.00
0:29:60.00
0:31:60.00

2:21:60.00
2323:160.00
2125:60.00

4:15:60.00
4317:60,00
4:119:60.00

213 3:60.00
21: 5:160.00
211 7160.00
21: 9160.00

22:57:60.00
22:59160.00
23: 1:60.00
23; 3:60.00

0:53:60.00
0:155:60.,00
0:157:60.00

2:47:60.00
2:49:60.00
2351:60.00

4:141:60.00
4143:60.00




Epoch Data @

2447610.6917756

15,65140042 n
0.00057550 n
0.0018756 e

PREDICT TEST Cases Continued

rev/day
rev/2day2 7219.000 Altitude ft

dot

8ite Data
39.004 Latitude
~104.883 Longitude

~0.0000489 edot /aay

51.6244 b

72.1636 omega deg

-5.0693 omega dot deg/day

32,7752 argp deg

3.7850 argp dot deg/day

327.44680 N deg
FOR Soviet Space Station MIR
Results: Range km Az El
Radar Sun 1557.3661 0.00000 0.00000
Radar Sun 776.7879  0.00000 0,00000
Radar Sun 506.6204 0,00000 0.00000
Radar Sun 1176.9451  0.00000  0,00000
Radar Sun 1995.5339 0.00000 0.00000
Eye 2019,2227 287.96247 1.67614
Eye 1453.7324 310.03127 8.47979
Eye 1255.2476 347.80567 11.85527
Eye 1572,0784 22.20823 6.90497
Eye 2187.1330 40.91777 0.23711
Eye 1864.8792 324.44752  3.38990
Eye 1523,1576 352.34685 7.61578
Radar . ce 1604.4964 25.37638 6.53800
Radar Nite 2058.2538 49.08307 1.47832
Radar Nite 1784.0513 325.84264 4,34185
Radar Nite 1203.1874 351.09300 13,03254
Radar Nite 1072.8630 37.95255 15.94504
Radar Nite 1516,2363 72,768209 7.76330
Radar Nite  2207.4577 88.46757 0.07867
Radar Nite 1529,.2055 305.01187 7.58127
Radar Nite 733.4920 298,.41502 27.84168
Radar Nite 465,0504 158,65741 52.18324
Radar Nite  1174,0619 137.56062 13.58645
Radar Nite  2000.9635 134.84919 1,9892)
Radar Nite  2030.5947 268.65142 1.73611
Radar Nite 1723,6571 243.14890 5.02781
Radar Nite 1810.7178 214.17797 3.99301
Radar Sun 1963.8213 0.00000 0.00000
Radar Sun 1146.1421 0.00000 0,00000
Radar Sun 493,2919 0.00000 0.00000
Radar Sun 815.0769 0.00000 0.00000
Radar Sun 1602.8595 0.00000 0.00000
Radar Sun 2085,3177 0.00000 0.00000
Radar Sun 1387.8890 0.00000 0.00000
Radar Sun 970.9358 0.00000 0,00000
Radar Sun 1188.6644 0,00000 0.00000
Radar Sun 1823.9628 0.00000 0.00000
Eye 1961.9481 311.26585 2.32101
Eye 1548,3600 336.89933  7.20644
Bye 1535.6211 10.58344 7.31736
Eye 1931.5906 36.89310 2.71488
Eye 2123,4635 320.32474 0.80735
Eye 1550.5917 340.87963 7.23642
Radar Nite 1309,.5397 15.96171 10.%9226
Radar Nite 1566.2726 50.63020 7.04418
Radar Nite  2146.5151 7C€.72677 0.62403
Radar Nite 1929,3774 314.49818 2,74961
Radar Nite  1134.8566 324.38568 14.45246
Radar Nite 555.4133 13.60599 40.37159
Radar Nite 895,.3790 95.94735 20.99377
Radar Nite  1661.2091 110.94454 5.76693

Jap
2447616.5083333
2447616.5097222
2447616.511111)
2447616.5125000
2447616.5130889

2447616.5750000
2447616.5763889
2447616.5777778
2447616.5791667
2447616.5805556

2447616.6430556
2447616.6444444
2447616.6458333
2447616.6472222

2447616.7097222
2447616.711111)
2447616.7125000
2447616.7138889
2447616.7152778

2447616.7763889
3447616.72177179
2447616.7791667
2447616.7805556
2447616.7819444

2447616.8430556
2447616.8444444
2447616.8458333

2447617.4638889
2447617.4652778
2447617.4666667
2447617.4680556
2447617.4654444

2447617.5305556
2447617.5319444
2447617.5333333
2447617.5347222
2447617.5361111

2447617.5986111
2447617.6000000
2447617.6013889
2447617.6027778

2447617.6652778
2447617.6666667
2447617.6680556
2447617.6694444
2447617.6708333

2447617.7319444
2447617.7333333
2447617.7347222
2447617.7361111
2447617.7375000

Time Data :
2447616.50
2900,00 min

31
3l
31
31
k)%

3l
31

3l
k) ]

31
3l
k3
31

31
3l
31
K}
3l

3
3l
31
3l
il

3l
3l
3l
3l
k)
il

e e e e

-

Mar
Mar
Mar
Mar
Mar

Mar
Har
Mar
Nar
Mar

Mar
Mar
Mar
Mar

Nar
Mar
Mar
Mar
Mar

Mar
Mar
Mar
Mar
Mar

Mar
Mar
Nar

Mar
Mar
Mar
Mar
Mar

Apr
Apr
Apr
Apr
Apr

Apr
Apr
Apr
Apr

Apr
Apr
Apr
Apr
Apr

Apr
Apr
Apr
Apr
Apr

2,00 min

GNT Time

Hr Min Ssc
0311366.00
0:13160.00
0:15:60,00
0:17160.00
0:19:60.00

1989
1989
1989
1989
1999

1:47:60.00
1:49:160.00
1:51160.00
1153:60.00
1155160.00

1989
1989
1989
1989
1989

3:25:60.00
3:27160.00
3129:60.00
3:131:60.00

1989
1989
1989
1989

1989 S: 13160.00
1989 S: 3:60.00
1989 5: 5:60.00
1989 53 7:60.00
1989 5: 9:60.00

1969
1989
1989
1989
1989

6337160.00
6:39160.00
6341160.00
6:43:60.00
6345:60.00

8113:160.00
8:15:60.00
8:17:160.00

1989
1989
1989

1989 231 7:60.00
1989 231 9:60.00
1989 23:11160.00
1989 231:13160.00
1989 23:15:60.00

0:43:60.00
0:45:60.00
0:47160.00
0149:160,00
0:51:60,00

1989
1989
1989
1989
1989

2:121160.00
2123160,00
2125:60.00
2327160.00

1989
1989
1989
1989

1389
1989
1989
1989
1989

3157160.00
3159:60.00
4: 1:160.00
41 3160,00
4; 5160,00

5133:60.00
5135160,00
$137:160.00
$139160.00
5:41:60,00

1989
1989
1989
1989
1989




Epoch Data 3
2447616.7557613
15.23989724 n

PREDICT TEST Cases Continued

8ite Data
39,007 rLatitude
rev/day -104.883 Longitude

0.00472400 ndot rev/2day2 7219.000 Altitude ft

0.0015500 [
-0.00041255 edot /day
47.6897 i
17.0000 omega deg
-5.16609 omega dot deg/day
347.8220 argp deg
4.8565 argp dot deg/day
12,.18930 M dag
SDI Test Vehicle
Results: Range km Az El JD

Radar Sun 2491,3441
Radar Sun 1744.4504
Radar Sun 1112,145)
Radar Sun 902.7145
Radar Sun 1334,8551
Radar Sun 2029.8286

Eye 2436.0022
Eye 1751.6968
Eye 1244,0800
Bye 1181,2137
Eye 1616.3785
Radar Nite 2275.9654

Eye 2118.4894
Eye 1377.4916
Eye 823.5689
Radar Nite 922.0105
Radar Nite 1552,6138
Radar Nite  2309.8287

Eye 2455,2075
Radar Nite 1677.8918
Radar Nite 990.5373
Radar Nite 744.6434
Radar Nite  1241.5301
Radar Nite 1981,1752

Radar Nite 2589.0907
Radar Nite 2214.0846
Radar Nite  2113.5288
Radar Nite 2323,9185

Radar Sun 2446.8868
Radar Sun 1702.6732
Radar Sun 1082,3864
Radar Sun 911.3134
Radar Sun 1370.9522
Radar Sun 2073.6509

Bye 2370.552%
Eye 1694. 4411
Bye 1213.4324
Bye 1202.0828
Bye 1669.9637
Bye 2341.3572
Eye 2023.2694
Eye 1291.3953

Bye 786.8104
Radar Nite 982.3397
Radar Nite 1643.3073
Radar Nite  2407.962%

Bye 2331,5258
Radar Nite 1559,2440
Radar Nlte 502.0453
Radar Nite 780.3541
Radar Nite 1348.9459
Radar Nite 2103,.6601

0.00000 0.00000 2447616.5027778
0.00000 0.00000 2447616.5041667
0.00000 0.00000 2447616.5055556
0.00000 0.00000 2447616.5069444
0.00000 0.00000 2447616.5083333
0.00000 0,00000 2447616.5097222

295,46095 1.34202  2447616.5722222
308.33154  9.31720  2447616.5736111
335.30518 18.97421  2447616.5750000
20.14299 20,71962 2447616.57636889
§1.87490 11.55082  2447616.5777778
66.90337  3.10851  2447616.5791667

306.21328  4,74582  2447616.6416667
317.09410 15.97508  2447616.6430556
352.37747 35.23764  2447616.6444444
64.56409 30,06431 2447616.6458333
89.85455 12,62974  2447616.6472222
98.56740 2.72530 2447616.6486111

295.61743  1.30786  2447616.7097222
289.26005 10.56793  2447616.7111111
270.71878 27.00861  2447616.7125000
200.51973 40.5169%5  2447616.7136889
155,71031 19,05895 2447616.7152778
144,22351  6.29706  2447616.7166667

269.36919  0.05152  2447616.7791667
250.77124  3.68364  2447616.7805556
227.62076  A4.74483  2447616.7819444
205.66616  2.45324  2447616.7833333

0.00000 0.00000 2447617.4861111
0.00000 0.00000 2447617.4875000
0.00000 0.00000 2447617.4888889
0.00000 0.00000 2447617.4%02778
0.00000 0.00000 2447617.4916667
0.00000 0.00000 2447617.4930556

296.30467 1.89387  2447617.5555556
309.99796 10.03566  2447617.5569444
338.87481 19.55788  2447617.5583333
24.03079 19.91303  2447617.5597222
53.78315 10.52025  2447617.5611111
67.86721  2.30967 2447617.5625000

307.10127  5.72083  2447617.6250000
319.35997 17.68211  2447617.6263889

1.08699 37.09810 2447617.6277778
69.05247 27.09128  2447617.6291667
91.38986 10.90806 2447617.6305556
99.26161  1.60714  2447617.6319444

294.96327  2.39071  2447617.6930556
287.70281 12,30580  2447617.6944444
264.66811 30.54213  2447617.6958333
188.26426 37.35505  2447617.6972222
152.83354 16.24654  2447617.698611)
143.14627  4.68324  2447617.7000000

Time Data 1

2447616,.50
2900.00 min

2.00 min

31 Mar
31 Mar
31 Mar
31 Mar
31 Mar
31 Mar

31 Mar
31 Mar
31 Mar
31 Mar
31 Mar
31 Mar

31 Har
31 Mar
31 Mar
31 Hax
31 Mar
31 Mar

31 Mar
31 Mar
31 MNar
31 Mar
31 Mar
31 Nar

31 Mar

31 Mar
31 Mar

1 Apr

1989
1989
1989
1989
1989
1909

1989
1989
1989
1989
1989
1389

1909
1989
1989
1999
1949
1989

1969
1989
1999
1989
1989
1989

1989
1989
1989
1989

1989
1989
1989
1989
1989
1989

1389
1989
1989
1989
1989
1989

1989
1989
1989
1989
1989
1969

1989
1989
1989
1989
1989
1989

GMT Time

Hr Min Sec
0: 3:60.00
0: 5160.00
0s 7:60.00
0: 9:160.00
0:11:60.00
0:13:60.00

1:43:60.00
1:45:60.00
1:47:60.00
1:49:60.00
1351:60.00
1153:60.00

3123:60.00
3:125:60.00
3:27:60.00
3:129:60.00
3:31:60.00
3:133:60.00

53 1:60,00
5t 3:160.00
5: 5:60,00
51 7160.00
5t 9160.00
5311:60.00

6:141160.00
6343:60,00
6345:60.00
63:47:60.00

23:39:60.00
23:41:60.00
23:43160.00
23145:60.00
23147160.00
23149:60.00

1:119:60.00
1:21:60.00
1;23:160.00
1125:160.00
1327:60.00
1329:60,00

2:159:60.00
3; 1:60.00
3: 3:60.00
3: 5:60,00
31 7:60.00
3t 9:160.00

4337:160.00
4339:60.00
4:41:60.00
4:43:160.00
4145:60.00
4:47:60.00




INTERPLANERTARY Tost Cases

1.
Altitude at Burnout
Gravitational Parameter Sun
Dist from Equatorial

sun km r km

Sun 0.0 596000.0 132

Mercury 57900000.0 2440.0

Venus 108100000.0 6051.5

Earth 149599650.0 6378.1

Mars 227800000.0 3389.9

Jupiter 776000000.0 71492.0

Saturn 1426000000.0 60268.0

Uranus 2868000000.0 25662.0

Neptune 4494000000.0 24830.0

Pluto 5896000000.0 1150.0
J2 J3

Sun

Mercury 0.00008

Venus

Earth 0.00108263 ~0,254x10-5

Moon

Mars 0.001964 0.36x10-4

Juplter 0.014736
Saturn 0.016480
Uranus 0.003349
Neptune 0.0043
Pluto

Bills, Bruce G., Planetary Geodssy,

June 1987,

TU Sun = 54.20765355 4

ays

200.0 km
132715440000.0 km3/s2

mu v vhl

715440000.0

22032.09 47.876 7.5343
324858.15 35.039  2.5035

398600.43 29,785
42828.3 21.857 4.1745
125686537.0 13.061 8.7914
37931187.0 9,647 10,2877
§793939.0 6.803 11.2799
6809000.0 5.434 11.6532
900.0 4.744 11.8129

J4 J6

~0.161x10~5

~0.587x10-3 31x10-6
~0,936x10-2
-3,8x10-5

vh2

9.6137
2.7160

3.5696
5.6431
5.4432
4.6605
4.0549
3.60889

vbo

13.3400
11.2897

11,7735
14.0862
15.0674
15.7615
16.0308
16.1472

vret

10.5058
10,6142

6.1818
59.8762
35.8643
22,7246
25.2362
10.7638

Reviews of Geophysics, Vol 25 No 5 pg 833-839,

days

105.477
145.983

311.804
996.945
2206.984
5849.555
11166.384
16587.827




6628.1369008

ril
6628.1369008
6628.1369008

6628,1369008
6628.1369008
6628.1369008

HOHMANN Astro
Orbit 1

Eccentrl
Altitude

Orbit 2

Eccentri
Altitude

Orbit 3

Eccentri
Altitude

DeltaV

TOF

r 2
42124.0019008
42124,0019008
42124.0019008

6728.1369008

6728.1369008
6728.1369008

321 reading

RENDEZVOUS Test Cases

Initial Revs

Final Wait Time

145.0000000 0 100.7638097 0.8724 TU
145.0000000 1 100.7638097 7.9717 TU
86.0000000 1 100.7638097 6.8082 TU
145.0000000 0 2,0027666 119.0353 TU
145.0000000 1 2,0027666 418.7104 TU
86.0000000 1 2.0027666 369.5970 TU

Orbit Changes Test Cases

city 0.0 0.0
191.0 km 11,0 km
cley
city 0.0 0.0
35780.0 km 376310.0 km

0.497806 bu/TU
3.935341 kn/s
23.454209 TU
5.256439 hrs

0.501684 DU/TU

3.966000 km/s
529.564874 TU
118.683000 hrs

ONE TANGENT Astro 321 reading

Orbit 1

Becentrl

Altitude
‘lll’ Orbit 2

Becentri

Altitude

True Ano
orbit 3

Eccentr!l
Alticude

DeltaV

TOF

city 0.0 0.0
191.0 km 191.0 km
clty
mamly 160.0 175.0
city 0.0 0.0
35780.0 km 376310.0 km

0.594466 DU/TU
4.699481 km/s
15.426199 TU
3.457220 hrs

0.518508 DU/TU
4.09%9000 km/s
370.619111 TU
83.061000 hrs

BI-ELLIPTIC Astro 321 reading

Orbic 1

Eccentrl
Altitude

Oorbit 2

Eccentri
Alcitude

Orbir 3
Eccentri
Altitude

DeltaV

TOF

city 0.0 0.0
191.0 km 151.0 km
clty
47636.0 km 503873.0 km (79 DU)
cliey

35780.0 km

376310.0 km (59 DU)

0.530399 DU/TU
4.193000 km/s
86.540700 TU
19.395000 hrs

0.493858 DU/TU

3.904128 ka/s
2650.076000 TU
§93.919630 hrs




REENTRY

7200.0 m/s
-45.0 deg
4500.0 kg/m2

Vre
Flight Path Angle
Ballistic Coeff

#onw

Alt Vel g's Alt Vel g's
km m/s km n/s
1,000 2108.397 -~54.559 §1,000 7190.4%9 -1.301
2,000 2466.629 -64.996 $2,000 7191.712 -~1.29§
3.000 2828.443 -74.438 §3.000 7192.771 -1.220
4.000 3187.101 -82.361 54.000 7193.694 -1.154
5.000 3536.872 -88.418 5§5.000 7194.499 -1.097
6,000 3873.151 -92.450 56,000 7195.202 -1.048
7.000 4192.466 -94.466 57.000 7195.8i5 -1.004 4
8,000 4492.403 -94.606 §8.000 7196.349 -0.366
9.000 4771.484 -93.100 59,000 7196,816 -0.933
10.000 5029.025 -90.229 €0.000 7197.223 ~-0.904
11,000 S5264.984 -85.290 61.000 7197.577 -~0.879
12.000 5479.815 -#1.871 62,000 7197.887 -0.857 -
13.000 5674.342 -~76.335 6€3.000 7198,157 -0.838
14,000 5849.643 -70.811 64.000 7198.3%2 -0.02)
15,000 6006.962 -65.187 65.000 7198.598 -0.807
16.000 6147.630 =~59.613 66.000 7198.777 -0.794
17,000 6273.012 -54.203 67.000 17198.933 -0.783
18,000 6384.460 -49.041 68,000 7199.06% -0.773
19,000 6483.283 -44.180 €9.000 7199.188 -0.765
20.000 6570.727 -39,655 70,000 719%.292 -0.757
21.000 6647.961 -35.482 71,000 7199.382 ~-0.751
22.000 6716.067 =-31.663 72,000 7199.461 ~0.745
23.000 6776.040 -28.192 73.000 7199.530 ~0.740
24,000 6828.788 -25.055 74.000 7199.590 -0.736
25,000 6875.131 -22.233 75.000 7199.643 -0.732
26.000 6915.809 -19.706 76.000 7199.688 -0.729
27.000 6951.487 -17.450 77.000 7199.728 -0.726
28.000 6982.756 <-15.442 76,000 7199,763 -0.724
29,000 7010.144 ~13.660 79.000 7199.793 -0.722
30.000 7034.121 ~-12.083 80,000 7199.020 -~0.720
31.000 7055.101 -10.689 01.000 7199.643 -0.718
32.000 7073.451 -9.459 82,000 7199.863 -0.717
33.000 7089.456 -8.375 83,000 7199.880 -0.716
34.000 7103.520 -7.422 84,000 7199.896 -0.715
35.000 7115.775 -6.584 85.000 7199.909 -0.714
36.000 7126.482 ~-5.849 86,000 7199.921 -0.713
37.000 7135.834 -5.203 87.000 7199.931 -0.712
38.000 7144.000 -4.638 86,000 7199.940 -0.711
395.000 7151.131 -4.142 89,000 7199.947 -0.711
40.000 7157.357 -3.709 $0.000 7199.954 -0.710
41.000 7162.791 -3.329 91.000 71599.960 -0.710
42.000 7167.535 -2.997 92,000 7199.965 -0.710
43.000 7171.675 -2.707 93,000 7199.969 -0.709
44.000 7175.288 -2.453 94,000 7199.973 -0.70%
45.000 7178.441 -2.231 95.000 7199.977 -0.709
46.000 7181.192 -2.038 96.000 7199.980 ~0.709
47.000 7183.592 -1.868 97.000 7199.982 -0.708
48.000 7185.687 -1.721 98.000 7199.985 -0.708
49.000 7187.514 -1.592 §9.000 7199.987 -0.708
§0.000 7189.108 -1.479 100.000 7195.988 -0.708




REENTRY Astro 321 problem

Vre

Flight Path Angle
Ballistic Coeff

ALt
km

1.000

2,000

3.000

4.000

5.000

6.000

7.000

8.000

9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
15,000
20,000
21,000
22.000
23,000
24.000
25.000
26.000
27.000
28.000
29.000
30.000
31.000
32,000
33.000
34.000
35.000
36.000
37.000
38.000
39.000
40.000
41.000
42.000
43.000
44,000
45.000
46.000
47.000
48.000
49.000
50.000

Vel

m/s
5.706
14,026
30.734
60,920
110.647
186,211
293,214
435,682
615,432
831,808
1081.802
1360,475
1661,554
1978.083
2303.024
2629.738
2952.330
3265.852
3566.3e0
3851.002
4117.743
4365.444
4593.630
4802,378
4992.185
5163.854
5318.401
5456.974
5580,786
5691,069
5789.039
5875.867
5952.663
6020,467
6080.237
6132,054
6179.120
6219.759
6255.424
6286.699
6314.105
63368.107
6359.117
6377.499
6393.576
6407.631
6419.916
6430,651
6440.029
6448.219

6504.41 m/s
-27.56 deg
1200.00 kg/m2

9's

~-0.464
-0.470
-0.495
-0.575
-0.785
-1.258
-2.182
~3.775
-6.227
-9,.647
-14.012
~19.154
~24.780
-30,524
~36.004
-40.883
-44.898
-47.890
~49,793
-50.632
~50.494
-49.509
-47.831
-45.619
-43.024
~40.183
=-37.213
-34.209
=31.248
-28.386
-25.664
-23.109
~20,735
-18.550
~16.553
~14.741
~13.106
-11.636
-10.320
=9.147
~8.103
~7.178
-6.359
~5.635
-4.997
~-4.435
-3.941
~3.507
-3.125
=2.791

Alt
km
51,000
52,000
53,000
54,000
55,000
56.000
57.000
50.000
59.000
60,000
61,000
62,000
63,000
64,000
65.000
66,000
67.000
68,000
69.000
70.000
71.000
72,000
73,000
74.000
75,000
76.000
77.000
78.000
79.000
80.000
81.000
82,000
83.000
84.000
85.000
86.000
87.000
88.000
89,000
90,000
91,000
92.000
93.000
94.000
95,000
96.000
97.000
98.000
99.000
100,000

Vel
n/s
6455.372
6461.617
6467.069
6471.828
6475.982
6479.607
6482,771
6485.532
6487.941
6490.043
6491.877
6493.477
6494.873
6496.091
6497.153
6498.080
6498,888
6499.5%94
6500.209
6500,745
6501,214
6501.622
6501.978
6502,289
§502,.560
6502.796
6503.002
6503,182
6593.339
6503.476
6503.595
6503.699
6503.790
6503.869
6503,938
6503.99¢
6504,051
6504.097
6504.137
6504.172
6504,202
6504.229
6504.252
6504.272
6504.290
6504.305
6504.319
6§504,330
6504.340
6504.349

£-39

g's

-2.498
=-2.241
~2.017
-1.820
~1.648
-1.498
-1.367
-1, 252
~1.151
~1,064
-0,987
~0.920
-0.862
~0.811
~0.767
-0.728
~0.694
-0.665
~-0.639
~0.616
-0.597
-0.580
-0.565
-0.5%2
-0.540
-0.530
-0.522
-0.514
-0.508
-0.502
~0.497
-0.493
~0.489
~0.485
~0.482
-0.480
-0.478
-0.476
=0.474
-0.473
-0.471
-0.470
~0.469
~0.468
~0.468
-0.467
-0.467
~0.466
-0.466
=0.465




HILLS
start a

50.
0.

r
v

nou

altitud

Time
min

0.0000

1.0000

2.0000

3.0000

4.0000

51,0000

6.0000

7.0000

8.0000

9,0000
10.0000
11.0000
12.0000
13.0000
14.0000
15.0000
16.0000
17.0000
18,0000
19,0000
20.0000
21,0000
22,0000
23,0000
24.0000
25.0000
26,0000
27.0000
28,0000
29.0000
30.0000
31.0000
32,0000
33,0000
34.0000
35.0000
36.0000
37.0000
38.0000
39.0000
40,0000
41.0000
42.0000
43.0000
44.0000
45.0000
46.0000
47.0000
48.0000
49.0000
50.0000
$1.0000
£2.0000
53.0000
54.0000
55.0000
§6.0000
§7.0000
58.0000
§9.0000
60.0000

t t=0.0
0 0.0 0.0 km
0 0.4738 0.0 km/s
e = 180 km
Position
X km Y km
50.00000 0.00000
49.79160 2.84025
49.16754 5.66523
48.13116 8.45976
46.68804 11,20880
44.84593 13.89759
42.61474 16.51165
40.00647 19.03695
37.03513 21.45989
33.71670 23,76747
30.06903 25,94727
26.11172 27.98756
21.86605 29.87739
17.35484 31.60660
12.60235 33,16587
7.63413 34.54684
2,47688 35.74208
-2.84166 36.74517
-8.29290 37.55070
~13.84754 38.15435
-19.47570 30.55287
-25.14715 38.74413
-30.83137 38.72709
~-36.49782 38.50184
-42,11602 38,06960
-47.65578 37.43268
-53,08731 36.59452
-58.38141 35.55962
-63.50962 34.33355
~68.44436 32,92289
-73.15911 31.33522
-77.62852 29.57910
~-81.82856 27.66395
-85,73665 25.60007
-89,33178 23.35856
-92,59463 21.07125
-95.50764 18.63066
-98,05516 16.08991
~100.22349 13.46265
-102,00098 10.76302
-103,37806 8.00552
~104,.34734 5.20498
~104,90361 2.37646
-105.04387 -0.46484
~104.76737 -3,30364
-104.07559 -6.124698
~102,97226 -8.91279
-101.46331 -11.65298
~-99.55685 -14.33052
-97.26312 -16.93102
-94.59447 -19.44050
-91.56523  ~-21.84545
-88.19170 -24,13297
-84.49201 -26,29073
~-80.48605 -28.30716
-76.19536 -30,17139
-71.64300 ~-31,87342
-66.85345 -33.40409
-61,85247  -34.75517
-56.66693 -—35.91940
-51.32471 -36.89052

Velocity Required

X km/8

Infinite
~0.83134
-0.41369
~0.27338
-0.20247
-0.15942
-0.13031
~0.10919
-0.09310
-0.08039
-0.07006
-0.06149
-0.05426
-0.04808
-0.04273
-0.03808
~0.03399
~0,03038
-0.02717
~0.02432
-0.02176
-0.01548
-0,01742
-0,01557
~0,01390
-0.01238
-0.01102
~-0.00%76
-0.00865
~-0.00763
~-0.00670
-0.00585
~0.00508
~0.00438
-0.00374
-0.00316
~0.00262
~0,00213
~0.00168
-0.00129
-0,00090
~0.00056
-0.00024

0.00005

0.00031

0.00055

0.00078

0.00098

0.00117

0.00134

0.00150

0.00165

0.00178

0.00190

0.00202

0.00212

0.00222

0.00230

0.00238

0.00246

0.00253

r-4h

Y km/s

Infinite
0.06103
0.06079
0.06038
0.05983
0.05912
0.05829
0.05732
0.05625
0.05507
0.05361
0.05248
0,05109
0.04966
0.04819
0.04670
0.04519
0.04368
0.04218
0.04069
0.03%922
0.03778
0.03636
0.03497
0.03362
0.0323)
0.03103
0.02980
0.02860
0.02745
0.02634
0.02526
0.02423
0.02323
0.02227
0,02135
0.02047
0.01962
0.01880
0.01802
0.01726
0.01654
0.01584
0.01517
0.01453
0.01391
0,01332
0.01274&
0.01219
0.01166
0.01115
0.01066
0.01019
0.00973
0.00929
0.00887
0.00845
0.008056
0.00767
0.00730
0.00694




HILLS Kaplan pg. 114
Start at t=0.0

50.0 100.0 0.0 km
-0.1885 -0.1101 0.0 km/s

r
v

"n

Altitude = 222 km

NOTE:s This example does not match Kaplan since he uses a ¥YXZ
coordinate system, rather than the X¥Z coordinate listed here.
Using r = 100 x 50 y 0 z will match Kaplan.

Position Velocity Required
Time X km Y km X kn/s Y km/s
min
1.0000 50.00000 100.00000 -0,95386 -1.61176
2,0000 39.16109 93.40677 -0.53620 -0.78454
3.0000 29,28783 86.79694 -0.39666 -0.51293
4.0009 20,38005 80.20579 -0.32691 -0.38021
5.0000 12,43247 73.66856 ~-0.28526 ~0.30299
6.0000 5.43463 67.22015% ~0,25782 -0,25343
7.0000 -0.62899 60,89503 -0,23861 -0,21959
8,0000 ~5.77887 54.72696 -0.32466 -0,19548
9,0000 ~10,04041 48.74892 ~0.21428 -0.17774
10,0000 -13.44374 42.99282 -0.20645 -0.16436
11,0000 -16.02357 37.4894% ~0.20053 -0,15406
12,0000 -17.81902 32.26813 -0.19606 ~-0,14597
13,0000 -18,87339 27.35682 -0,19273 +0,13950
14,0000 ~-19,2339¢4 22.78174 ~0.19031 -0,13421
15,0000 -18,95165 18.56733 -0.18661 -0,12981
16,0000 -18.08092 14,73610 -0,18751 -0.12606
17.0000 ~-16.67929 11,30852 -0.18690 -0.12278
18,0000 -14.80715 8.30290 -0.1866% -0.11986
19,0000 -12.52739 5.73530 -0.18673 -0.11719
20,0000 -9.80509 3.61942 ~-0.18715 -0.11469
21,0000 ~7.00716 1.96658 -0.18774 -0,11231
22,0000 ~3.90197 0.78560 -0.18850 -0,1)001
23,0000 -0,65900 0.08279 -0.18941 -0,10778
24,0000 -0.19042 -0.10550
25,0000 -0,191%3  -0.10325
26,0000 =0.19270 -0.10099
27.0000 “=~0.19392 -0.09870
26,0000 -0.19517 ~0.09639
29,0000 ~0,19645 -0.09402
30,0000 -0.19774 -0,09162




GROUND TRACK

Time
U
0.0000
0.0996
0.1992
0.2989
0.3985
0.4981
0.5977
0.6974
0.7970
0.8966
0.9962
1,0958
1,1955
1.2951
1,3947
1.4943
1.5940
1.6936
1,7932
1.8928
1,9924
2,0921
2,1917
2,2913
2,3909
2.4906
2.5902
2,.6898
2,7894
2.8890
2.9887
3.0883
3.1879
3.2875
3.3872
3.4868
3.5864
3.6860
3,7856
3.8853
3.9849
4.0845
4.1841
4,.2838
14,3834
4,4830
4.5826
4.6822
4.7819
4.8815
4.9811
5.0807
5.1803
5.2800
5.3796
5.4792
5.5788
5.6785
5.7781
5.8777
5.9773
6.0769
6.1766
6.2762
6.3758
6.4754
6.5751
6.6747
6.7743

Lat

35.38473
38.82047
41.99389
44.81139
47.16810
48.95761
50.08645
50.49087
50.14850
49.08620
47.37135
45.09951
42.37775
39,31048
35.99018
32.49317
28.87903
25.19216
21.46426
17.71699
13.96435
10.21473
6.47250
2.73938
-0.98450
-4.69970
-8.40665
-12.10479
~15.79175
-19.46230
~-23.,10716
-26.71154
-30.25345
-33.70176
-37.01417
~-40.13562
~42.99752
-45.51901
-47.61109
-49.1844¢6
-50.16065
-50.48443
-50,13396
-49.,12512
-47.50828
-45.35884
~42,76493
-39.81587
-36.59381
-33.16903
-29.59837
-256.92573
-22.18360
-18.39508
-~14.57584
~10.735895
-6.88138
-3.01521
0.86099
4.74642
8.63953
12,53902
16.43063
20.32977
24.19776
28.02017
31.76434
35.38473
38.82047

Lon

35.66651
41,15173
47.04525
§3.35574
60.06468
67.11902
74.42837
81.86994
89.30234
96.58508
103.59781
110.25328
116.50158
122.32669
127.73894
132,76637
137.44729
141,82476
145.94291
149.84481
153.57148
157.16158
160.65139
164.07549
167.46696
170.85810
174.28099
177.76804
-178.,64751
-174.93116
-171,04692
~-166.95731
-162.62390
-158.00838
-153.07466
~-147.79221
-142.14073
-136.11617
~129.73716
-123.05028
-116.13180
-109.08385
-102.02422
-95.07183
-88.33190
-8),.80488
~15.78163
-70.04441
-64.67183
-59.64514
-54.93440
-50.50339
-46.31310
-42,32394
-38.49701
-34.79462
-31.18029
-27.61856
-24.07454
-20.51337
-16.89962
-13.19675
-9.36655
-5.36874
-1.16092
3.30118
8.06255
13.16672
18.65194

Orbit Elements
p = 1,04084
a = 1,04112
° = 0.01637
i = 45.00000
Omega = 3.07915
Argp = 50.99729
Nu = 0.00000
N = 0.00000
u = Undefined
L = Undefined
Cappl = Undefined
Tims
31 Mar 1982 12:00:00.00

or
2445060.0




T

T

Cowells Method Results

-0.00000000

-0.01934106
-0.02072045
-0.00000113

Init 0.000 ~0.50960000 0.50960000 0.72068320 ~0.70738420 -0.70738420

Simulate from 0.000 TU to 6.664 TU

Period = 6.6639216 TU

bt = 0.5000000 TU

Julian Date = 2447538.5000000

RK4t 6.664 -0.52729937 0.48752671 0.71759037 -0.69471172 -0,72206412

RKAp -0.52531386 0.48973595 0.71755114 -0.69857574 -0.71828295

Kep -0.50960117 0.509596883 0.72068320 ~0.70738340 -0.70738500
J2 Pert -0.0011287 0.0011287 -0.0005321 0.0016826

Two Body RK§ Two Body RK4 Perturbed 2-Body Delta

a 1,03999683 1.03557220 1.03557748  -4.427626328-03
e 0.01999986 0.01966154 0.01965897 —3.383193772-04
i 44.99999875 44.99999875 44.99957681  -3.46944695%-18
Omaga 45.00000000 45.00000000 44.61191529 0.00000000E+00
Argp 950,00000000 90.37079536 90.71715645 3.70795356R-01
Nu 0.00009311 1.21661635 0.97722655 1.21652324%+00
M 0.00008944 1.16947502 0.93936498 1.16938558K+00

Perturbed Delta
~4.4223435688-03
~3.4088806258-04
~4.219406789E~04
-3,880847054R-01
7.171564452E-01
9.771334399E-01
9.392755402E-01

~0.00000000

=0.00001374
~0.00139344
-0.00000113

Init 0,000 -0.50960000 0.50960000 0.72068320 -0.70738420 ~0,70738420
pimulate from 0.000 TU to 6.664 TU

Period = 6.6639216 TU

Dt = 0.1000000 TU

Julian Date = 2447538,.5000000

RK4t 6.664 -0.50961330 0.50958551 0,72068236 ~0.70737485 -0.70739428
RKdp ~0.50754460 0.51164801 0.72068130 -0,71110417 -0,70364354
Kep -0.50960117 0.50959883 0.72068320 -0.,70738340 -0.70738500
J2 Pert -0.0011287 0.0011287 ~-0.0005321 0.0016826

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta

Perturbed Delta

N a 1.03999983 1.03999847 1.03999848 -1.35829689B~06 -1,350746001E-06
: e 0.01999986 0.01999972 0.01999972 -1,388668388-07 -1.362893335E-07
i 44.99999875 44,99999875 €4.99999878  -3.469446958-18  3,000315258E-08
Omega 45.00000000 45.00000000 44.61804864 1.387778788-17 -3.819513566E-01
Argp 90.00000000 90.00153899 90.40780034 1.53898621E-03  4.078003446K-01
Nu 0.00009311  359.99956547 359.69916484 3.599994728+02  3.5969907178+02
M 0.00008944  359.95958260 359.71101989 3.59995493K+02  3.597109304B+02
Init 0.000 -$.50960000 0.50960000 0.72066320 -0.70738420 -0.70738420 -0.00000000
Simulate from 0.000 TU to 6.664 TU
Period = 6.6639216 TU
Dt = 0.0500000 TU
Julian Date = 2447538.5000000
RKdt 6.664 -0.50960180 0.50959816 0.72068317 -0.70738295 -0,70738547 -0,00000178
RK4p -0.50753307 0.51166055 0.72068214 -0.71111218 -0,70363476 -0.00138148
Kep -0.50960117 0.50959883 0.72068320 -0.70738340 -0,70738500 -0.00000113
s J2 Pert -0.0011287 0,0011287 -0.0005321 0.0016826
Two Body RK4 Two Body RK4 Perturbed 2-Body Delta Perturbed Daelta
a 1.03999983 1.03999979 1,03999979  -4.27307209B-08 ~3.6567436112-08
e 0.01999986 0.01999985 0.01999986 -4.527592138-09 ~7.739766435E-10
. i 44.99999875 44.99999875 44.99999891 1.040834098-17 1,599299093E-07
. Omega 45.00000000 45.00000000 44.,61805286 6.93889390B-18 ~3.819471414E-01
) Argp 90.00000000 90.00010762 90.40640319 1.076249408-04  4.064031902E-01
3 Nu 0.00009311 0.0000371F 359.69960253 -5.60071466B-05 3.596995094E+02
M 0.00008944 0.00003564 359.71144041 -5.38000397R-05 3.597113510E+02




Cowells Method Results

-0.00000000

-0.00000115
-0.00138085
-0.00000114

Init 0.000 -0.50960000 0.50960000 0.72068320 -0.70738420 -0.70738420

Simulate from 0.000 TU to 6.664 TU

Period = 6.66392°6 TU

Dt = 0.0100000 TU

Julian Date = 2447538.5000000

RK4t 6.664 -0.50960119 0.50959881 0.72068320 -0.70738339 -0.78738501

RK4p -0.50753246 0.51166120 0,72068217 -0.71111261 -0,70363431

Kep ~-0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501
J2 Pert -0.0011287 0.0011287 ~0.0005321 0.0016826

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta

a 1.03999983 1.03999983 1.03999983 -1.36933949E-11
e 0.01999986 0.01999986 0.01999986 ~1.46594793K-12
i 44.99999875 44.99999875 44.99999892 3.46944695E-18
Omega 45,00000000 45,00000000 44,61805309 ~1,04083409E-17
Argp 90.00000000 50.00000018 90.40629761 1.76977928E-07
Nu 0.00009459 0.00009448  359.69965807 -1.092099658-07
M 0.00009087 0.00009076  359.71149377 -1.04906263E-07

Init 0.000 -0.50960000 0.50960000 0,72068320

Perturbed Delta
6.100741141E~09
3.782742394E-09
1,640886736BE-07

-3.819469054E-01
4.062976113E-01
3.596995635B+02
3.597114029E+02

~0.70738420

~0.70738420

~0.00000000

Simulate from

0.000 TU to

6.664 TU

-0.00000115
~0.00138085
-0.00000114

Perlod = 6.6639216 TU

Dt = 0.0050000 'TU

Julian Date = 2447538,5000000

RK4t 6.664 -0,50960119 0.50959881 0.72068320 -0.70738339 -0.,70738501

RK4p -0.50753246 0.51166120 0,.72068217 -0.7111126) -0.70363430

Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501
J2 Pert -0.0011287 0.0011287 ~0.0005321 0.00126826

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta

a 1.03999983 1.03999983 1.03999983 -4,28004420E-13
e 0.01999986 0.01999986 0.01999986 ~4.56862684E-14
i 44.99999875 44.99999875 44.99999892 0.00000000E+00
Omega 45,00000000 45.00000000 44.61805309 5.08980590825~17
Argp 90,00000000 90.00000002 90.40629745 1.88659105E-08
Nu 0.00009459 0.00009459 359.69965817 -6.97997142E-09
M 0.00005087 0.00009086 359,71149387 ~6.70490757E-09

Perturbed Delta
6.113985862E-09
3.784171819K-09
1.640898162E-07

-3,819469051E-01
4.062974478R-01
3.596995636B+02
3.597114030E+02




Cowelis Me

thod Results

Fat

Init 0.000 -0.50960000 0.50960000 d.i§6383é94£0.5b738420 ~0.70738420 -0.00000000
simulate from 0,000 TU to  6.664 TU° .
Period = 6.6639216 TU . .
Dt = 0.0100000 TU
Jullan Date = 2447538,5000000 T
RK4t 6.664 ~0.50960119 0.50959881 0.72068320 -0.70738339 ~0.70738501 -0.00000115
RK4p -0.50753246 0.51166120 0.72068217 ~0.71111261 ~0.70363431 -0.00138085
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 ~0.00000114
J2 Pert -0.0011287 0.0011287 -0.0005321 ° 0.0016826
Two Body RK4 Two Body RK4 Perturbed 2-Body Delta  Perturbed Delta
a 1,03999983 1.03999983 1.03999983  -1,36933949E-1)  6.100741141E-09
e 0.01999986 0.01999985 0,01999986 -1.46594793E-12  3,782742354E-09
i 44,99999875 44,99999875 44.99999892 3.469446958~18 1,640886736E-07
Omega 45,00000000 45.00000000 44.61805309 -1.04083409E-17 -3,.815469054E-01
Argp 90.00000000 90.00000018 90.40629761 1.76977928E-07 4.062976113E-01
Nu 0,00009459 0.00009448  359.69965807 ~-1,092099658-07  3,596995635E+02
M 0.00005087 0.00009076  359.71149377 -1,04906263E-07  3.597114029E+02
Init 0.000 -0.50960000 0.50960000 0,72068320 -0.70738420 -0.70738420 -0.00000000
Simulate from 0.000 TU to 6.664 TU
Parlod = 6.6639216 TU
Dt s 0,0100000 TU
Jullan Date = 2447528.5000000
RK4At 6.664 ~0.50960219 0,.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000115
RK4p -0,509358/8 0.50984119 0,72068318 -0.70751242 -0.70725530 0.00018050
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 -0.70738501 -0.00000124
J3 Pert 0.0000010 ~0.0000010 -0.0000042 0.0000046
Two Body RK4 Two Body RK{ Perturbad  2-Body Delta  Perturbed Delta
a 1.03999983 1.03999983 1.03992984  -1,36933949E-11  1,047092290E-08
0 0.01999986 0.01999986 0.02000000 -1.46594793E-12 1,361629665E-07
i 44.99999875 44.99999875 44.59999889 3,.46944695m-18  1,327148725E-07
Owega 45,00000000 45,00000000 44.99994908  -1,040834098-17 -5,092395231K-~05
Argp 90.0000C000 90.000G0018 90.21138580 1.769779282-07 2.1138579668-01
Hu 0,00009459 0.00009448  359.76947415  -1,092099658-07 3.597693796E+02
M 0.00009087 0.00009076 359.77855866 -1.04906263%-07  3.597784678E+02
Init 0,000 -0,50960000 0.50960000 0.72068320 -0.70738420 -0.70738420 -0.00000000
Simulate from 0,000 TU to 6.664 TU
Period = 6.6639216 TU
Dt = 0.0100000 U
Jutian Date = 2447538.5000000
RK4t 6.669 -0.50960119 0,.509596881 0.72068320 -0.70738339 -0.7073850. -0.00000115
RK4p ~0.50961634 0.50958366 0.72068320 ~0.70737189 -0.70739651 -0.00001454
Kep -0.50960119 0.50959861 0,.72068320 -0.70738339 -0.70738501 -0.00000114
J4 Pert 0.0000010 -0.0000010 -0.0000027 0.000003)
Two Body RK4 Two Body RK4 Perturbed 2-Body Delta  Perturbed Delta
a 1,03995983 1.,03999983 1.,03999983 -1,36933949E-11 ~-1.369318222E-11
e 0.01599986 0.01999986 0.01999986  ~-1.46594793E-12  1.8340345998-13
i 44.99999878 44.99999875 44.99999875 3.469446958-18 -1.877383665B-12
Omega 45.06000000 45.00000000 45,00016451 -1,04083409E~-17 1.6451437182-04
hrgp 90.00060000 90.00000010 90.00093124 1,769779288-07  9.3123829978-04
Nu 0,000C5459 0.00009448 0.00025130 -1,09205965B-07 1.567107277E-04
M 0.00009087 9.00009076 0.00024140 -1,04906263E-07 1.505351358R-04




Cowells Method Results

Init 0.006 -0.50960000 0.50960000 0.72068320 -0.70738420

~0.70738420

-0.00000000

Simulate from
Period
bt

0.000 TU to
6.6639216 TU
0.0100000 TU

6.664 TU

=0.00000115
~0,00000130
-0.00000114

Julian Date 2447538.5000000
RK4t 6.664 -0.50960119 0.50959881 0.72068320 ~0.70738339 ~0.70738501
RK4p -0.50960129 0.50959873 0.72068317 ~0.70738337 -0.70738504
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 ~0.70738501
Sun -0.004LL U0 0.0000000 0.0000000 0.0000001
Two Body RK4 Two Body RK4 Perturbed 2-Body Delta
a 1.03999983 1.03999983 1.03999983 -1.369339492~-11
e 0.01999986 0.01999986 0.01999987 ~1.46594793E-12
i 44.99999875 44.99999875 44.99999679 3.46944695E-18
Omega 45.00000000 45.00000000 44.99999286 -1.04083409E-17
Argp 90.00000000 90.00000018 90.00003732 1.76977928E-07
Nu 0.00009459 0.00009448 0.00006956 -1.09209965E-07
M 0.00009087 0.00009076 0.00006682 -1.04906263E-07

Init 0.000 -0.50960000

0.50960000 0.72068320

Perturbed Delta
3.410645269F~11
8.620236502E-09

~1.962326295E-06

-7.137930274E-06
3,732088150E~-05

~2,503655785E-05

~2,404992864E-05

~0.00000000

~0.70738420 ~0.70738420

Simulate from
Perlod
Dt

0.000 TU to
6.6639216 TU
0.0100000 2U

6.564 TU

~0.00000115
-0.00000106
-0.00000114

Jullan Date 2447538,5000000
RKdt 6.664 -0.50960119 0.5095988% 0,72068320 -0,70738339 -0.70738501
RK4p ~0.50960051 0.50959885 0.720568344 -0.70738336 -0.70738462
Kep -0.50960119 0.50959881 0.72068320 -0.70738339 ~0.70738501

Moon -0,0000002 -0.0000000 -0.0000000 0,0000002

Two Body RK4 Two Body RK4 Perturbed 2-Body Delta
a 1.03999983 1.03999983 1.03999962  -1.36933949E-11
e 0.01999986 0.01999986 0.01999981  -1.46594793E-12
i 44.99999875 44.99999875 45.00002620 3.46944695E-18
Omega 45.00000050 45.00000000 44.99997014  -1.04083409E-17
hrgp 90.000000060 90.00000018 90.00003675 1.76977928E-07
Ru 0.00009459 0.00009448 0.00005009 ~1.0%209965E-07
M 0.00009087 0.00009076 0.00004812 -1,04906263E-07

-

Ballistic Coeffic

Init 0.000 ~0.50960000 0.50960000 0.72066320

lent = 365.8536585 kg/m2

-0.70738420 -0.70738420

Perturbed Delta
-2,062930837E-07
-4,600062723E-08
2.744984133E-05
-2,.986394181E~05
3.674635770E-05
-4.449951920E-05
~4,274589598E-05

~0.00000000

-0.00000115
~-0.00041346
~0.00000114

Simulate from 0.000 TU to 6.664 TU

Period = 6.6639216 TU

Dt = 0.0100000 TU

Julian Date = 2447538,5000000

RK4t 6.664 -0.50960119 0.50959881 0,72068320 -0.70738339 -0.70738501

RK4p -0.51002355 0.50516450 0.72067414 -0.70705869 ~0.70764340

Kep -0.50960119 0,5095988) 0,72068320 -0.70738339 ~0.70738501
Drag 0.0000394 0.0000394 0.0000000 0.0000557

Two Body RK4 Two Body RK{ Perturbed  2-Body Delta

a 1.03999983 1.03999983 1.,03987334  ~1.36933949B-11
e 0.01999986 0.01999986 0.01989239 ~1.46594793B-12
i 44.99999875 44.99999875 44.99997419 3.46944695E-18
Omega 45.00000000 45.00000000 44.99999980 ~1.04083409E-17
Argp 90.00000000 90.00000018 90.00040346 1.76977928E~07
Nu 0.00009459 0.00009448 0.03374512 -1.09209965E~07
M 6.00009087 0.09009076 0.0324223% ~1,04906263E-07

Perturbed Delta
-1,264920157E~04
-1,0747189578-04
-~2,456034674B-05
-1,985707608E-07
4.034605799E-04
3.365052897E-02
3,233148336B-02




.

Cowells Method Results

1nit 0.000 -0.50960000 0.50960000 0.72068320 ~0,.70738420 -0.70738420
Simulate from 0.000 TU to 6.664 TU
Period = 6.6639216 TU
Dt = 0.0100000 TU
Julian Date = 2447538.5000000
RK4L 6.6H4 -0.50960119 0.5095968% 0.72068320 ~0.70738339 -0,70738501
RK4p -0.50960122 0.50959879 0.72068320 -0.70738337 -0.70738502
Kep -0.50960119 0,50959881 0.72068320 -0.70738339 -0.70738501
Solar -0.0000000 0.0000000 0.0000000 0.0000000
N
Two Body RK4 Two Body RK4 Perturbed 2~Body Delta
a 1.03999983 1.03999983 1,03999983 -1.36933949E-11
e 0.01999986 0.01999986 0.01999986 -1.46594793E-12
i 44.99999875 44.,99999875 44.99999875 3,469446958-18
L 4 Omega 45,00000000 45,00000000 45.00000001  ~1,04083409E-17
Argp 90,00000000 90.00000018 89.99997661 1,76977928K-07
Nu 0.00009459 0.00009448 0,00012002 -1.09209965K-07
M 0,00009087 0.00009076 0.00011529 -1.04906263E-07
Iniv 0.000 -0.50960000 0,50960000 0.,72068320 -0.70738420 -0.70738420
Simulate from 0,000 TU to 6.664 TU
Period = 6.6639216 TU
Dt = 0.0100000 TU
Julian Date = 2447538,.5000000 -
RK4t 6.664 -0.50960119 0.50959881 0.72068320 -0.70738339 ~-0.7073850)
RKdp -0.50772080 0.51146328 0,72067363 -0.71091336 -0,70377026
Kep -0,50960L19 0.50959881 0.72068320 -0.70738339 -0.70738501
J2?2 Pert -0.0011287 0.0011287 -0.0005321 0.0016826
J3 Pert 0.0000010 -0.0000010 -0,0000043 0.0000046
J4 Pert 0.0000010 -0.0000010 -0,0000027 0.0000031%
Sun -0.0000000 0.0000000 0.0000000 0.0000001
Moon ~0,0000002 -0.0000000 -0,0000000 0.0000002
Drag 0.0000394 0.0000394 0.0000000 0.0000557
Solar -0.0000000 0.0000000 0.0000000 0.0000000
Two Body RK4 Two Body RK4 Perturbed 2-Body Delta
a 1.03999983 1.03399983 1,03987702 ~1.36933949E-11
e 0.01999986 0,01999986 0.01989571  -1.46594793E-12
i 44.99999875 44.99999875 45,00000095 3.46944695K-18
Omega 45.00000000 45.00000000 44.61807138 -1,040834092-17
ALgp 90,00000000 90,00000018 90.61870002 1.76977928E-07
Nu 0.00009459 0.00009448  359,50259568 ~1.09209965E-07
M 6.00009087 0.00009076  359.52203638 -1.04906263B-07

—trerm———

B-47

-0.00000000

-0.00000115
~0.00000116
-0.00000114

Perturbed Delta
-1,325367778E-11
-3.,204886061E-09
-2,539041546E-11
5.353852705E~-09
-2.339272480E-05
2,542986591E-05
2,442773696E-05

=0,00000000

-0.00000115
~0.00161726
-0.00000114

Pecturbed Delta
~1,228044552E-04
-1.0415131962-04
2,202087974E-06
-3,.819286195E~01
6.187000175e-01
3.595025011B+02
3.595220055E+02




